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Preface 
 
In this preface we introduce the PhD Thesis on rainfall-induced landslides entitled 
“Rainfall-induced shallow landslides in Northern Tuscany (Italy): geotechnical 
characterization and rainfall thresholds”. Rainfall-induced landslides deserved a large 
interest in international literature in the last decades. The literature on this matter shows a 
markedly interdisciplinary approach, with contributions from different fields, such as 
engineering geology, soil mechanics, hydrology and geomorphology. The subject is of high 
interest for many practical and scientific reasons. In fact, rainfall is the most relevant factor 
for triggering shallow landslides, and rainfall analysis is the most frequently adopted approach 
in forecasting the occurrence of such phenomena. Moreover, the estimation of the properties 
of materials mainly involved by shallow landslides is fundamental in understanding their 
triggering mechanism. 
With the aim of contributing in studying the rainfall-induced shallow landslides in 
Northern Tuscany, different topics were considered: the analysis of the rainstorms of 2009-
2010 period and of their consequences, the geotechnical characterization of the source areas 
of shallow landslides, and the determination of critical rainfall thresholds for triggering such 
phenomena. For these reasons, the manuscript was structured in three different but 
complementary papers. 
The papers are briefly introduced, examining their contribution in understanding of the 
rainfall-induced shallow landslides, as follows. 
The first paper “The 2009 and 2010 meteorological events in Northern Tuscany (Italy): 
Characteristics and effects on slope stability” describes characteristics and main effects on 
slope stability of the rainstorms which hit the Northern Tuscany in December 2009 (north-
western Tuscany), June 2010 (Serchio River Valley) and October 2010 (Massa-Carrara 
province). The rainfall events were analyzed in terms of rainfall amount, intensity and 
duration. Moreover, the antecedent rainfall related to such events was analyzed, focusing on 
its role in causing instability conditions of slopes. 
The paper highlights again that the shallow landslides commonly occurred in peculiar 
geologic and geomorphologic environments: colluvium/debris thin slope cover, semi-
permeable or impermeable bedrock, hollow shaped slope, high slope gradient. Moreover, it 
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highlights that the shallow landslides in Northern Tuscany mainly involve the soils covering 
the arenaceous formations, such as the Macigno Fm. 
In this context, the second paper “Geotechnical characterization of source areas of 
shallow landslides by dynamic penetration tests in Northern Tuscany (Italy): first results and 
perspectives” aims at contributing to the characterization of the typical source areas of the 
shallow landslides in the Serchio River Valley, by means of dynamic penetration tests 
(Dynamic Probing, DP). In fact, these tools are particularly suitable to obtain geotechnical 
properties of the soils in difficult access slopes. Original data, coming from inspections of 
existing databases or expressly performed tests, are presented and discussed. Relative density 
and friction angle were determined processing the results of DP tests by means of empirical 
methods. Moreover, the soil properties obtained by DP tests were compared with those 
obtained by Standard Penetration Tests (SPT) and direct shear tests. The comparison suggests 
that the DP tests can be an effective tools in geotechnical characterization of potentially 
unstable soil slope covers. 
Finally, the last paper “Critical rainfall thresholds for triggering shallow landslides in the 
Serchio River Valley (Tuscany, Italy)” proposes the critical rainfall thresholds for triggering 
shallow landslides in Middle Serchio River Valley. The rainfall data recorded by three rain 
gauges in the 1935-2010 period were analyzed and compared with the occurrence of shallow 
landslides. The rainfall thresholds were defined in terms of mean intensity, rainfall duration 
and normalized using the mean annual precipitation. Some attempts were also carried out to 
analyze the role of rainfall prior to the damaging events. Moreover, the rainfall thresholds 
obtained for the study area were compared with the local, regional and global thresholds 
proposed by various authors. The results of these analysis suggest that in the Middle Serchio 
River Valley, and in general in Northern Tuscany, landslides activity initiation requires a 
higher amount of rainfall and greater intensity than elsewhere. 
At present, further research is necessary in order to reach a zonation of the shallow 
landslide hazard in the study area. The methodological approach used for the characterization 
of the source areas of the shallow landslides may be improved in several aspects (e.g. 
performing of direct shear tests on undisturbed soils, calibration of DP tests results and 
performing of empirical relations specifically calibrated on the considered soils). Other 
important parameters, such as slope gradient and soil thickness, may be considered. The 
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critical rainfall thresholds obtained in this work may be tested and compared with those 
obtained by statistical or deterministic approaches. 
The evolution of this research is towards performing of susceptibility maps and 
comparison with rainfall thresholds for triggering shallow landslides. This is crucial for the 
preparation of landslide hazard maps and scenarios for different rainfall amounts in an area 
particularly prone to shallow landslides. 
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1 The 2009 and 2010 meteorological events in Northern Tuscany 
(Italy): Characteristics and effects on slope stability 
 
 
Abstract 
Owing to its geographical, geomorphologic and climatic features, the Northern Tuscany is 
frequently hit by rainstorms. In many cases such meteorological events trigger rapid, shallow 
landslides. They are generally first time movements, mainly referable to complex, 
translational debris slide-flows or soil slip-debris flows, typically triggered by intense rainfall. 
In Northern Tuscany they occurred in peculiar geologic and geomorphologic environments: 
colluvium/debris thin slope cover, semi-permeable or impermeable bedrock, hollow shaped 
slope, high slope gradient. Despite their little size, they caused heavy damage and also 
causalities, due to their high speed and erosion power. 
The source areas of shallow landslides are often located along the road network, generally 
for lack or deficiency of surficial water draining systems. In fact, the concentration and of 
uncontrolled running water on the roads and its subsequent flowing downslope may produce 
an “unnatural” increase in pore pressure that the only rainfall, hitting the same slope in natural 
conditions, should not have produced. Actually, this phenomenon generates the reaching and 
exceeding of the local critical rainfall threshold, making landslide prevision and hazard 
assessment difficult. 
This paper summarises characteristics and main effects of the meteorological events, that 
hit the Northern Tuscany in December 2009, June 2010 and October 2010, focusing on their 
consequences on the slopes. 
 
Keywords: Shallow landslides, rainstorm, territory, infrastructure, Tuscany. 
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1.1 Introduction 
Landslides induced by rainfall are significantly increasing in Italy (Guzzetti, 2000) as well 
as worldwide (Munich Re, 2009). Consequently, they are responsible for considerably greater 
socioeconomic losses (Schuster, 1996). Changing climate is often used to explain the 
proliferation and escalation of extreme rainfall events. In many cases, the climate changes, 
though significant, do not indicate a defined trend but may fit the normal climate cycles. On 
this controversial topic the scientific discussion is still open. Medium and long-term case 
studies suggest a change in rainfall trends. Some Authors individuate an apparent increase of 
rainstorms frequency in time (Guzzetti, 2000; Guzzetti et al., 2005; Giannecchini and 
D’Amato Avanzi, 2012). Such events have often caused landslides and floods with serious 
damages to territory and community. 
Rising in landslide risk may be however related to the progressive development of urban 
zones and infrastructures on or close to hill/mountain areas, with little or no regard to proper 
construction, precautionary works and land use planning. Consequently, also not exceptional 
rainfall events often generate landsliding problems. 
During the last decades, the Northern Tuscany (north-western Apennines, Apuan Alps, 
Serchio River Valley, Versilia) has been hit by several meteorological events. They caused 
huge damages and casualties mainly in Lucca, Massa-Carrara and Pistoia provinces, as 
happened on 19 June 1996 in Versilia and Garfagnana (14 deaths) (ANPA-ARPAT, 1998; 
D’Amato Avanzi and Giannecchini, 2003; D’Amato Avanzi et al., 2004), on 20 November 
2000 in the Serchio River Valley (5 deaths) (D’Amato Avanzi et al., 2002; Banducci et al., 
2005) and in the Pistoia province (Casagli et al., 2006; Giannecchini and Verani, 2006) and 
on 23 September 2003 in the Carrara Marble Basin (Apuan Alps) (Cortopassi et al., 2008). 
Recent intense rainfall events also occurred in December 2009 (north-western Tuscany), 
June 2010 (Serchio River Valley) and October 2010 (Massa-Carrara province, 3 casualties). 
These events caused hundreds of shallow landslides mainly referable to complex, translational 
debris slide-flows (Cruden and Varnes, 1996) or soil slip-debris flows (Campbell 1974, 1975; 
Crosta et al., 1990; Crosta, 1998). These phenomena were usually superficial (0.5-2 m thick), 
linear (width/length ratio 0.03-0.5), and involved soil and sometimes portions of fractured 
bedrock. They mainly triggered in the hollows of the slopes underlain by sandstone, 
metamorphic sandstone and phyllitic-schist, at the top of the zero-order basins. The concave 
morphology of the hollows favoured runoff and/or infiltration, while the concave soil-bedrock 
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interface induced the concentration of subsurface downflow, saturation and build-up of pore 
pressures. These landslides are usually associated with intense rainfalls (Campbell, 1974, 
1975; Wieczorek, 1987, 1996). This association has been highlighted in Hong Kong (Fuchu et 
al., 1999; Dai and Lee, 2001), Japan (Fukuoka, 1980), New Zealand (Selby, 1976; Pierson, 
1980), USA (Ellen and Wieczorek, 1988), and in many other places worldwide (Caine, 1980; 
Crozier, 1986; Jibson, 1989; Chien-Yuan et al., 2005). 
The triggering mechanism is generally characterised by rainwater infiltration into the soil, 
which may cause the increase in pore water pressure and consequently deterioration of slope 
stability. It may be facilitated by the presence of a road network characterized by lack or 
deficiency of surficial water draining systems. This implies an unnatural concentration of the 
flow, which may contribute to the increase in pore water pressure. Moreover, the sliding 
surface usually corresponds to the soil–bedrock interface or to a textural–granulometric 
discontinuity within the soil, which drastically changes the infiltration rate (Wieczorek, 1987). 
This work summarises characteristics and main effects of the meteorological events which 
hit the Lucca and Pistoia provinces in December 2009, focusing especially on their 
consequences on slopes and human environment. Moreover, it also describes the main 
characteristics of the heavy rainstorms which hit the Lucca and Massa-Carrara provinces in 
June 2010 and October 2011, respectively. 
 
1.2 The December 2009 events 
1.2.1 Main features 
From 18 to 21 December 2009 heavy rainfalls and snowfalls occurred in Northern 
Tuscany. They caused floods and several landslides in the Serchio River Valley and Apuan 
Alps (Lucca province) and in the Pistoia Apennines (Pistoia province) (Fig. 1.1). The Serchio 
R. discharge reached almost 2000 m3/s (Nardi, 2010), causing the breaking of the 
embankments (Fig. 1.2) and floods in some areas (about 30 km2 wide, Fig. 1.1) of the Lucca 
and Pisa plains. 
Throughout the considered area (Serchio River Valley - SRV, Apuan Alps - AA and 
Pistoia Apennines - PA), the cumulative rainfall of December 2009 corresponds to about 30% 
of the mean annual precipitation (MAP), as shown in Table 1.1. The monthly precipitation 
was particularly abundant at Campagrina (997.8 mm), Cardoso (664.6 mm) and Fabbriche di 
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Vallico (648.8 mm) in Lucca province (Fig. 1.3a; Table 1.1) and at Pracchia (676.8 mm) and 
Acquerino (613.0 mm) in Pistoia province (Fig. 1.3b; Table 1.1). 
 
 
 
 
 
 
Fig. 1.1. Location map of Lucca and Pistoia provinces. Rain gauges and thermometric stations are also shown. 
Fig. 1.2. Breaking of embankment of the Serchio R. in the Lucca (a) and Pisa (b) plains (Tuscany
Region Hydrologic Service and Authority of the Serchio River Basin, 2010, modified). 
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Table 1.1. Rainfall data of December 2009. Rainy day: day characterized by at least 1 mm of rainfall. The rain 
gauges are located in Fig. 1.1. MAP: mean annual precipitation; AA: Apuan Alps; SRV: Serchio River valley; 
PA: Pistoia Apennines; -: undetermined data. 
Rain gauge Elevation 
(m) 
Area Rain 
amount 
(mm) 
Rainy 
days* 
Average 
rainy days 
(mm) 
MAP 
(mm) 
Period % 
Campagrina 807 AA 997.8 14 62.3 2922.4 1975-2005 34.1
Cardoso 398 AA 664.6 15 41.4 2041.2 1998-2005 32.6
Retignano 440 AA 501.0 15 33.3 1757.8 1975-2005 28.5
Villa 
Collemandina 524 SRV 402.8 12 30.8 1415.8 1975-2005 28.4
Fabbriche di 
Vallico 417 SRV 648.8 13 49.8 2033.3 1996-2005 31.9
Fornovolasco 470 SRV 579.6 12 44.6 2346.9 1965-1985 24.7
Gallicano 186 SRV 524.6 15 34.9 1626.8 1975-2005 32.2
S. Marcello 
Pistoiese 1019 PA 456.4 15 30.3 - - - 
Monte Oppio 816 PA 457.2 15 30.5 1914 1966-1986 24.0
Acquerino 900 PA 613.0 17 36.1 - - - 
Cireglio 630 PA 572.4 16 35.7 1594.8 1975-2005 35.9
Melo 992 PA 589.2 16 36.8 - - - 
Pracchia 635 PA 675.8 16 42.2 - - - 
Prunetta 951 PA 530.4 16 33.2 1763.5 1975-2005 30.1
Baggio 434 PA 393.6 16 24.5 1105.4 1996-2005 35.6
 
Abundant rainfalls together with rapid snow melting determined limit equilibrium 
conditions in many slopes in the study area. In fact, many slopes were collapsed during the 
subsequent heavy rainfalls on 22-23 (Figs. 1.3c and 1.3d) December and especially on 24-25 
December (Figs. 1.3e and 1.3f). 
Unfortunately, the lack of automatic snow gauges in the regional monitoring network 
prevented an accurate estimation of snowfalls. However, the Abetone station (1340 m a.s.l., 
Fig. 1.1) recorded 70, 30 and 7 cm of snow on 22, 24 and 27 December respectively, 
highlighting a rapid snow melting. This might have had a significant role, actually difficult to 
quantify, in causing the instability conditions of slopes. This instability was also caused by a 
rapid increase of the minimum temperature recorded in few days and by the concomitant 
heavy rainfalls. Figure 1.4 shows the comparison between the daily rainfall and the minimum 
temperature recorded at Melo (Cutigliano, Fig. 1.4a) and Acquerino (Sambuca Pistoiese, Fig. 
1.4b) stations in the Pistoia Apennines. The most abundant rainfall was recorded from 21 to 
25 December, together with an increase of 16-17°C of the minimum temperature. This 
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phenomenon also occurred in Lucca province, as shown in Figs. 1.4c and 1.4d for the Apuan 
Alps area. 
Landslides were activated during the 22-23 and 24-25 December events. Rainfall fell to a 
nearly saturated soil, which was probably in limit equilibrium conditions, because of 
antecedent rainfalls and snowfalls occurred between 18 and 21 December. For example, 
during the previous 30 days, the Campagrina, Cardoso, Fabbriche di Vallico and Gallicano 
rain gauges recorded 553.8, 343.4 , 327.2 and 269.6 mm, respectively. 
Figures 1.3c and 1.3d show the cumulative rainfall recorded during the first event (22-23 
December) in some rain gauges of Lucca (Fig. 1.3c) and Pistoia (Fig. 1.3d) provinces. This 
event affected mainly the SRV and the AA. The event started on 21 December with a light 
rain. In the Lucca province, rainfalls ranging between 60 and 130 mm were measured from 
06:00 on 21 December to 17:00 on 22 December. Rainfall intensity increased rapidly since 
17:00. The first rainfall burst lasted 11 h, from 17:00 of 22 December to 04:00 of 23 
December. During this period the Campagrina, Cardoso, Fabbriche di Vallico, and 
Fornovolasco rain gauges recorded 131.2 (11.9 mm h-1) ,116.4 (10.6 mm h-1), 126.2 (11.5 mm 
h-1), and 112.8 mm (10.3 mm h-1), respectively (Fig. 1.3c). The first event ended at 
approximately 09:00 on 23 December with average intensity of 1.5 mm h-1. 
The most damaging rainfall event hit from 21:00 on 23 to 11:00 on 25 December the Lucca 
province (Fig. 1.3e) and from 21:00 on 23 to 13:00 on 25 December the Pistoia province (Fig. 
1.3f). In Lucca province, the rainfall reached the highest intensity from 12:00 on 24 to 3:00 on 
25 December. During this period (15 h) the Campagrina, Cardoso, Retignano, Fabbriche di 
Vallico, Fornovolasco, and Gallicano rain gauges measured 263.8, 167.2, 139.6, 164.6, 147.8, 
121.6 mm, respectively (Fig. 1.3e). Rainfall intensity of 17.6, 11.1, 11.0 and 9.8 mm h-1 in 15 
h were recorded at Campagrina, Cardoso, Fabbriche di Vallico, and Fornovolasco, 
respectively (Fig. 1.3e). 
Likewise, in the Pistoia Apennines the Pracchia, Prunetta, Melo, Cireglio and Monte Oppio 
rain gauges recorded 168.8 (11.3 mm h-1), 168.4 mm (11.2 mm h-1) and 153.8 mm (10,3 mm 
h-1), 141.6 (9.44 mm h-1), 135.0 mm (9.0 mm h-1) respectively, from 13:00 on 24 to 4:00 on 
25 December (Fig. 1.3f). 
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 Fig. 1.3. Rainfall condition that resulted in landslides in Northern Tuscany in December 2009. (a) and (b)
daily rainfall recorded in Lucca and Pistoia provinces, respectively. The 22-23 and 24-25 rainfall events are
indicate. (c) and (d) hourly rainfall recorded in the period between 21 December, at 00:00, and 23 December,
at 11:00, in Lucca and Pistoia provinces, respectively. (e) and (f) hourly rainfall recorded in the period
between 23 December, at 12:00, and 26 December, at 00:00, in Lucca and Pistoia provinces, respectively.
The rain gauges arrange geographically in three groups. Group 1, dark blue lines: Ca, Campagrina; Cr,
Cardoso; Re, Retignano. Group 2, blue lines: Fv, Fabbriche di Vallico; Fo, Fornovolasco; Ga, Gallicano; Vc,
Villa Collemandina. Group 3, sky-blue lines: Pr, Pracchia; Ac, Acquerino; Me, Melo; Ci, Cireglio; Pu,
Prunetta; Mo, Monte Modino; Sm, San Marcello Pistoiese; Ba, Baggio. The rain gauges are located in Fig.
1.1. 
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In order to highlight the importance of the December 2009 events, Fig. 1.5 shows the 
duration D (h) and intensity I (mm h-1) values recorded by the Cardoso rain gauge (AA) on 
22-23 and 24-25 December (11 h and 10.6 mm h-1, 15 h and 11.1 mm h-1, respectively). They 
are compared with the intensity-duration (ID) thresholds for triggering shallow landslides, 
obtained by Giannecchini (2006) for this area. Basing on several landslide-triggering 
rainstorms, the Author individuated the rainfall duration and intensity of the rainstorms able 
to trigger shallow landslides in Southern Apuan Alps. He individuated two threshold curves 
(lower and upper curves), which identify three fields with different degrees of stability. Below 
the lower threshold (blue dashed line) stability generally prevails. Above the upper curve 
(blue continuous line) instability prevails, while the field between the two curves includes 
intermediate or uncertain stability (Fig. 1.5). The December 2009 events are placed in the 
Fig. 1.4. Daily rainfall and minimum temperature of December 2009. Data recorded at Melo (a), Acquerino
(b), Campagrina and Cervaiole (1009 m a.s.l.) (c), and Cardoso and Seravezza (35 m a.s.l.) (d). Rain gauges
and thermometric stations are located in Fig. 1.1. 
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field between the lower and the upper thresholds, where the rainfall may cause, locally or 
diffusely, instability phenomena. 
 
 
 
 
 
 
 
 
 
 
1.2.2 Effects of December 2009 events 
The December 2009 rainfall events triggered more than 600 landslides in Northern 
Tuscany. Landslides often affected the road network, generally for lack or deficiency of 
surficial water draining systems. In Lucca province 132 landslides affected the roads: 22 
occurred along the main roads, the other 110 along the secondary ones. This is a recurrent 
case in many regions of the world (Anderson, 1983; Haigh et al., 1993; Larsen and Parks, 
1997). 
In relation to the study area and considering the numerous 2009 failures, a position of the 
2009 events above the upper curve of Giannecchini (2006) should be expected (Fig. 1.5). 
Really, the I-D features place the 2009 rainfall events just below the upper curve, where only 
some failures should occur. Therefore, the unnatural concentration of the running waters 
probably contributed in slope instability, even during rainfall events placed below the upper 
threshold (D’Amato Avanzi et al., 2012). 
The road network in several places of the study area is rather old and the maintenance is 
often deficient (Fig. 1.6a). This implies uncorrect control and draining of the runoff, which 
may be directed towards critical slopes (e.g. debris/colluvium deposits, high slope gradient, 
Fig. 1.5. Comparison between the December 2009 rainstorms and the critical threshold curves in
terms of duration and intensity obtained by Giannecchini (2006) for the Southern Apuan Alps. 
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hollows, dormant landslides, etc., Fig. 1.6b). The unnatural and concentrated flow determines 
an increase in pore water pressure, destabilizing the slope cover (Kuriakose et al., 2008). 
 
 
 
 
 
 
 
 
 
 
For example, this occurred along the regional road n. 445 next to Camporgiano (Fig. 1.7a) 
and Piazza al Serchio (SRV), along the national road n. 12 next to Popiglio (Piteglio, PA) and 
along many other roads of the Lucca (Figs. 1.7b and 1.7c) and Pistoia provinces. Moreover, 
some landslides cut off 13 villages for several days, while other mass movements involved a 
few houses, as happened at Castelnuovo di Garfagnana and Campolemisi (SRV, Lucca 
province). 
Many December 2009 landslides were first time movements, mainly referable to complex, 
translational debris slide-flows (Fig. 1.7d), typically triggered by intense rainfall. In the study 
area they occurred in peculiar geologic and geomorphologic environments: (i) 
colluvium/debris thin slope cover (from few decimetres to some metres thick), (ii) semi-
permeable or impermeable bedrock, (iii) hollow shaped slope, and (iv) high slope gradient, as 
already highlighted by D’Amato Avanzi et al. (2002, 2004) for some Apuan Alps areas. 
Some mass movements also involved the uppermost, weathered and fractured portion of 
the bedrock. This bedrock was mainly formed of by sandstone (Macigno Fm., Tuscan Nappe), 
metamorphic sandstone, siltstone or phyllite (Pseudomacigno Fm., Apuan Metamorphic 
Complex). However, in some cases different types of movements occurred, as rock and debris 
rotational slides (Pracchia, PA, Fig. 1.8) and debris flows (close to Montefegatesi village, 
SRV, Fig. 1.9). 
Fig. 1.6. (a) Examples of a gully grating completely occluded. (b) Block diagram of the triggering
mechanism of landsliding along the road network (after D’Amato Avanzi et al., 2012). 
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Fig. 1.7. Landslide triggered by intense rainfall in December 2009 in Lucca Province. (a) Debris slide
triggered along the SR 445 road near Camporgiano (SRV). (b) Source area of soil slip-debris flow
near Coreglia Antelminelli (SRV). (c) Debris slide triggered along the SP 10 road near Stazzema
(AA). (d) Complex, translational debris slide-flow near Castelnuovo Garfagnana (SRV). 
Fig. 1.8. Rotational slide involving debris and fractured rock (sandstone and siltstone) near Pracchia
(Reno River valley, PA). (b) Particular of the main scarp. 
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1.3 The June 2010 event 
The Tramonte area in the Serchio River Valley (Fig. 1.10) was hit by heavy rainstorm on 
19 June 2010, causing tens of shallow landslides mainly referable to soil slip-debris flows 
(Crosta et al., 1990). The Piaggione rain gauge (45 m a.s.l., Fig. 1.10) recorded 150.0 mm 
from 00.00 to 13.00 (13 h and 11.5 mm h-1) on 19 June 2010. Maximum rainfall intensity of 
40.0 and 45.0 mm h-1 were recorded in 2 h (from 5.00 to 7.00) and 1 h (from 6.00 to 7.00), 
respectively (Fig. 1.11a). 
 
Fig. 1.9. (a) Channelized debris flow involving the pelitic lithofacies of the Scaglia Toscana Fm. (SRV).
(b) Particular of lateral levee on the right side. 
Fig. 1.10. Map of the Serchio River Valley and location of the Piaggione rain gauge (base map by Google
Earth, 2011). Red rectangle and satellite image show the area hit by 19 June 2010 rainstorm. 
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Formerly heavy rainfall hit this area on 20 November 2000, inducing around 150 
landslides (D’Amato Avanzi et al., 2002). Considering that cumulative rainfall and rainfall 
intensity of two events are similar, the difference number of landslides is probably due to the 
antecedent rainfall amount. In fact, the Piaggione rain gauge recorded 317.2 and 65.0 mm 
(Fig. 1.11b) in the 30-days prior to the 20 November 2000 and the 19 June 2010 events, 
respectively. This highlights the significant role of the antecedent rainfall in the initiation of 
landslides. 
As on December 2009, landslides especially affected the road network (1.12b), blocking 
some secondary roads and the national road n. 12 in Vinchiana. These landslides involved 
chiefly colluvium and debris deposits of the Macigno Fm. (Tuscan Nappe). The latter consists 
of siliciclastic turbidites made of grey-brown sandstone and normally shows a high 
sandstone/shale ratio and thick to very thick, coarse-grained strata. 
The source areas of the shallow landslides triggered on June 2010 were typically located in 
the zero-order basins. This location is also typical of other regions of Italy frequently prone to 
intense rainstorms, mainly some areas of Campania (Guida, 2003; Cascini et al., 2008) and 
Calabria (Calcaterra and Parise, 2005). The term "zero-order basins", coined by Tsukamoto 
(1973), indicates unchannellized convergent slope located above ephemeral, intermittent or 
perennial first-order streams and n+1-order streams (Guida, 2003). 
In the Tramonte area, two types of source area were mainly identified: the top part of the 
first-order tributary with open channel flow (e.g. Solco dell’Angelo basin, Figs. 1.12a and 
Fig. 1.11. Hourly rainfall of 19 June 2010 (a) and daily rainfall of May-June 2010 (b) at Piaggione. 
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1.13a), and the upper portion of the zero-order basins alongside the first-order or n+1-order 
streams (e.g. Solco del Miglino basin, Figs. 1.12c and 1.13b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The landslides originated mostly as shallow, translational or rotational slides on slope 
ranging from 30° to 45°, and involved soil (especially silty sand with gravel) and the 
weathered and fractured portion of the bedrock. In the source area, thickness of the failed 
material ranged between 30 cm and 1 m, with an estimated average of 50 cm. Scars left by 
soil slip-debris flows had width W ranging from 5 to 10 m, length L ranging from 50 to 150 
m, and a W/L ratio <<1 (0.03-0.5). Scars seems to be more abundant on reverse dip slopes, 
where the layers of the sandstone rocks dips into the slope. 
Fig. 1.12. Landslides triggered during the 19 June 2010 rainstorm in Tramonte area. (a) and (b) source
and travel areas of a soil slip-debris flow in the top part of the Solco dell’Angelo stream. (c) Soil slips
triggered in the zero order basins and flowed in the Solco del Miglino stream, as debris flow. (d) and (e)
track and deposition areas of a soil slip-debris flow into the Solco del Miglino stream. 
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 Fig. 1.13 Geologic map of the S. dell’Angelo (a) and S. del Miglino (b) basins. (a) Soil slip-debris flow
triggered in the upslope of the S. dell’Angelo stream. (b) Debris flow originated as soil slip in the zero
order basins along the S. del Miglino stream. 
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1.4 The October 2010 event 
Northern Tuscany was further hit by heavy and nearly continuous rainfall in autumn 2010, 
causing damage in particular in the Massa-Carrara province (Fig. 1.14) on 31 October. Here, 
the rainstorm triggered hundreds of landslides, mostly of first generation, mainly referable to 
soil slip-debris flows. 
 
 
 
 
 
 
 
 
 
 
 
 
On 31 October 2010 the Canevara (Massa, 109 m a.s.l.), Cerreto (Montignoso, 480 m 
a.s.l.), Candia Scurtarola (Massa, 150 m a.s.l.), and Carrara (39 m a.s.l.) rain gauges recorded 
179.0, 198.8, 177.0 and 145.0 mm, in 24 hours respectively (Fig. 1.15). The highest intensity 
was recorded from 3.00 to 4.00 at Canevara and Cerreto (42.8 and 46.0 mm h-1, respectively) 
and from 2.00 to 3.00 at Candia and Carrara (30.2 and 21.4 mm h-1, respectively). 
However, the extended rainfall period already began during the 30 preceding days and 
continued in November (Fig. 1.16). In fact, from 1 to 30 October, the Canevara, Cerreto, 
Candia Scurtarola, and Carrara rain gauges recorded 251.8, 248.8, 245.4, and 161.0 mm, 
respectively. In particular, rainfall concentrated in three main periods (4-5, 16-17 and 24-25 
October). Such events did not trigger landslides, but probably played a significant role in 
Fig. 1.14. The area of Massa-Carrara province most affected by the 31 October 2010 rainstorm (base map
by Google Earth, 2011). Yellow triangles show location of the four considered rain gauges. 
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preparing the slopes instability, which collapsed during the subsequent heavy rainfall on 31 
October. In November rainfall became almost continuous but less intense (344.8 in 23 rainy 
days and 344.0 mm in 22 rainy days at Canevara and Cerreto respectively, Fig. 1.16). 
 
As for the events previously described, the mass movements especially affected the road 
network (Fig. 1.17), according to the triggering mechanism shown in Fig. 1.6. Consequently, 
many roads were blocked isolating some villages for days. Some landslides also involved 
houses, causing serious damage and three victims, like at Lavacchio (2 deaths – Fig. 1.17a) 
and Mirteto villages (1 death) in the Massa hinterland. Tens of people were evacuated in 
various villages of the study area. 
Approximately, the landslides source area was located along the road network in almost 
the 60% of the examined landslides, while 22% of landslides involved buildings, showing the 
fragility of this territory once more (D’Amato Avanzi et al., 2012). 
 
Fig. 1.15. Hourly and cumulative rainfall of 31 October 2010 at Canevara (a), Cerreto (b), Candia Scurtarola (c), 
and Carrara (d). 
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1.5 Final remarks 
The rainfall events of December 2009, June 2010 and October 2010 again highlighted the 
fragility of wide areas of the Northern Tuscany. The landslides triggered during these events 
were typical of intense rainstorms, i.e., shallow landslides (chiefly soil slip-debris flows) 
which mainly involved the surface soil materials. In the cases of the December 2009 and 
Fig. 1.16. Daily and cumulative rainfall of October and November 2010 at Canevara (a), Cerreto
(b), Candia Scurtarola (c), and Carrara (d). 
Fig. 1.17. (a) Soil slip-debris flow triggered at Lavacchio (Massa), burying a house and killed two people.
Yellow line shows the source area. (b) Particular of source area at the road. 
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October 2010 events, the 30-days antecedent cumulative rainfall was also important for the 
initiation of landslides in the study areas. 
The landslides were triggered in geological and geomorphological typical environments: 
(i) colluvium/debris thin slope cover, (ii) semi-permeable or impermeable bedrock, (iii) 
hollow shaped slope, and (iv) high slope gradient. 
Many landslides occurred along the road network and involved buildings and 
infrastructures. Despite their little size, they caused heavy damage and also casualties (three 
deaths in October 2010 in the Massa hinterland). This often caused by the lack of a correct 
maintenance of the road drainage systems in hill/mountains areas, but a short-sighted 
territorial planning might have contributed by underestimating hazard and risk. 
Landslide risk maps can identify unstable areas, but also potential first time landslide prone 
areas. At present geologists have the knowledge to identify the main landslides risk factors, 
but their job and importance are often neglected or denied.  
Social and economic losses due to landslides can be reduced by means of effective 
planning and management which involved landslide hazard assessment, slope assessment for 
landslide prediction, mitigation measures and warning systems (Schuster, 1995; Dai et al., 
2002). 
At present, further research is necessary in order to reach a zonation of the shallow 
landslide hazard in the areas under consideration. The parameters to be considered regard the 
slope gradient, the system governing the surface water regime, the thickness of the soil 
materials, the local geotechnical characteristics and the degree of saturation of the soil slope 
cover. The influence of factors of anthropic origin on landslide occurrence also must be 
considered. 
Further data should be collected by means of penetration tests, permeability tests and 
undisturbed sampling of the cover materials, in order to better define their geotechnical 
features. Furthermore, the critical rainfall thresholds for triggering shallow landslides should 
be determined. 
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2 Geotechnical characterization of source areas of shallow 
landslides by dynamic penetration tests in Northern Tuscany 
(Italy): first results and perspectives 
 
 
Abstract 
In Northern Tuscany (Italy) shallow landslides often cause victims and severe damages. 
Aiming at contributing to the characterization of the source areas of shallow landslides, this 
study deals with the geotechnical parameterization of the involved material by means of 
dynamic penetration tests (Dynamic Probing, DP). The study considered the soils covering 
the Macigno Fm. (Tuscan Nappe), which mainly consist of debris and/or colluvium, granular 
deposits. The Macigno Fm., formed of siliciclastic turbidite, constitutes the main Apennines 
ridge and underlies hundreds of square kilometres of Tuscany. Most of the shallow landslides 
in Northern Tuscany really involve the soils covering the Macigno Fm. The source areas are 
usually located in difficult areas, where boring and undisturbed sampling are very 
complicated and onerous. Therefore, in order to determine the typical soil properties, the 
results of 210 geotechnical tests were analysed, including Medium (DPM) and Super Heavy 
Dynamic Probing (DPSH) tests, Standard Penetration Tests (SPT) and laboratory tests. The 
results of DP tests were related to Relative density DR and friction angle φ' of the soil by 
means of empirical methods considering the most typical soil categories (sand-silt mixtures, 
sands and sand-gravel mixtures). Distribution and variability of these parameters were 
analysed and related to soil type, test type and probing depth. 
The DR and φ' values coming from different test types resulted comparable. The φ' values 
coming from DP tests and direct shear tests showed an acceptable correlation, confirming 
utility of the DP tests. Therefore, the DP can be an effective tool for the geotechnical 
characterization of potentially unstable soil slope covers. Landslide susceptibility assessment 
is among the most relevant uses. 
 
Keywords: Penetration test, shallow landslides, coarse-grained soils, shear strength, relative 
density, Tuscany. 
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2.1 Introduction 
In Italy and all over the world intense and persistent rainfalls trigger shallow landslides, 
mostly soil slip-debris flows, which cause victims and damages (Campbell, 1975; Ellen and 
Wieczorek, 1988). When rainfalls exceed the critical value, these rapid landslides quickly 
spread over the region and reach very high concentration (Jibson, 1989; Wieczorek, 1996), 
while destructive torrential debris flows often run the hydrographical net (Pierson and Costa, 
1987; Corominas et al., 1996). 
Many meaningful examples of disasters caused by rapid, shallow landslides and debris 
flows could be mentioned in the world: for example, in USA (Ellen and Wieczorek, 1988), 
Japan (Wang et al., 2002), or New Zealand (Ekanayake and Philipps, 2002). In Italy, 
examples come from Campania (Del Prete et al., 1998; Guadagno and Revellino, 2005), 
Northern Tuscany (D’Amato Avanzi et al., 2004; Delmonaco et al., 2003; Casagli et al., 
2006) and Ischia Island (De Vita et al., 2007). Once more, in October 2010 shallow, rapid 
landslides caused huge damages and deaths in the Massa hinterland (north-western Tuscany) 
and in October 2011 in the Magra River valley (north-western Tuscany) and in Eastern 
Liguria (Vara River valley and Cinque Terre area). 
In Northern Tuscany, rainstorms triggering shallow landslides commonly involve soil 
deposits lying on impermeable or semi-permeable rock formations (D’Amato Avanzi et al., 
2004; Giannecchini, 2005, 2006). Really the Macigno Fm., which largely crops out in the 
hilly-mountain areas of the Tuscany, underlies most of the soil deposits involved in 
landsliding. The physical-mechanical properties of the involved material play a key role in 
determining the landsliding, as evidenced by Giannecchini and Pochini (2003). 
In this context, this research aims at contributing to the characterization of the source areas 
of the shallow landslides, by means of Dynamic Probing tests (DP). These tools are 
particularly suitable to obtain the soil properties (e.g. relative density DR and friction angle φ') 
in difficult access slopes, as in the study area. Original data, coming from inspections of 
existing databases or expressly performed tests, are presented and discussed here. They refer 
to several areas of the Lucca province in Northern Tuscany (Fig. 2.1) and the related 
experiences and considerations can be of general interest. 
The research focused on soil deposits mainly consisting of debris and/or colluvium, 
underlain by peculiar arenaceous formations, well represented in Tuscany. Among them the 
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Macigno Fm. (Tuscan Nappe) was firstly considered. It forms the main Apennine ridge and 
crops out for hundreds of square kilometres. Other arenaceous formations crop out in 
Northern Tuscany, such as the Monte Modino Fm. and the Pseudomacigno Fm. Their features 
are substantially similar to those of the Macigno Fm. Therefore, many considerations and 
results here exposed may be extended to them and can contribute in assessing the landslide 
hazard of a high risk area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 Study area 
Northern Tuscany falls within the Northern Apennines (Fig. 2.1), a fold-and-thrust belt. 
The chain resulted from the consumption of the Liguria-Piedmont oceanic basin (western 
Tethys) and the consequent collision between the Adria and the European plates, which 
started in the Upper Cretaceous (Carmignani et al, 2004; Conti and Lazzarotto, 2004). The 
upper Miocene tensional tectonics gave origin to tectonic depressions bounded by NW-SE 
trending normal faults, where either marine or continental successions deposited. On the 
northern Tuscan side of the Apennines several tectonic units took place, coming from 
Fig. 2.1. Geologic sketch of Northern Tuscany (after Carmignani and Lazzarotto, 2004, modified)
and outcrop areas of the main arenaceous formations. Dashed rectangle shows the study area. The
boxes show the sampling sites. 
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different paleogeographic domains (from west to east: Ligurian Domain, Sub-Ligurian 
Domain, Tuscan Domain). Afterwards, continental sequences sedimented. 
The Macigno Fm. (Tuscan Nappe unit, Tuscan Domain) consists of siliciclastic turbidites, 
made of grey-brown sandstone and thin siltstone or mudstone intervals. It normally shows 
high to very high sandstone/shale ratio and thick to very thick (0.5-3 m), coarse-grained strata. 
Quartz, feldspar, mica, minor lithics and a high fraction of carbonate cement mainly form this 
sandstone. The depositional environment is mainly referable to channelled submarine fans 
(Pandeli et al., 1994). 
Rock mass classification and laboratory tests on this formation were performed in the area 
of Castelnuovo Garfagnana (Serchio River Valley) in order to create a middle scale landslide 
hazard map (Federici et al. 2011). Based on the ISRM’s (1978, 1981) suggestions and the 
Bieniawski’s (1989) Rock Mass Rating, the typical Macigno Fm. can be described as a 
stratified, medium strong rock (uniaxial compressive strength of 40-50 MPa), intersected by 
2-3 joint sets. Discontinuities are close spaced, very persistent, open, smooth or slightly 
rough, from moderate to high weathered and dry to damp. Infilling is not very significant. The 
rock mass may be considered as a poor rock (Rock Mass Rating of about 35). 
Intense fracturing, geotechnical features, climate and rainfall regime (referable to the 
Apennine-Mediterranean type with transition to the sub-coastal type, D’Amato Avanzi et al., 
2004; Giannecchini and D’Amato Avanzi, 2012) favour the sandstone weathering and the 
debris/colluvium production. Therefore, large soil slope deposits mantle most of the slopes 
underlain by the Macigno Fm., hiding the bedrock. These deposits mainly consist of sand and 
gravel with a minor part of finer materials (silt and clay). 
As mentioned above, intense and persistent rainfalls frequently trigger shallow, rapid 
landslides in Northern Tuscany. According to the Cruden and Varnes’ (1996) classification, 
they can be classified as complex, rapid to extremely rapid debris slide-debris flows, but are 
also known as soil slip-debris flows, or simply debris flows (Campbell, 1975). In Northern 
Tuscany the shallow, rapid landslides involving slopes underlain by the Macigno Fm. are 
generally referable to soil slip-debris flows and exhibit some typical features (D’Amato 
Avanzi et al., 2004): hollow-shaped or zero-order basin, 30-45° steep slope, small thickness 
of the sliding material (0.5 to 3 m). Sliding and subsequent flowing take a very short time and 
velocity is extremely high. Afterwards, the material usually flows into the riverbeds and 
quickly reaches the main valley bottom, where the reduced slope gradient induces deposition. 
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Due to the relative little length of hilly slope and streams, the travel distance is not so high 
and rarely is more than one hundred metres. Channelized debris flows prevail, while open-
slope debris flows are a minority. These features allow us to define most of the above 
mentioned shallow, rapid landslides as extremely rapid, saturated debris flows following 
established channels over a large part of their path (Hungr et al., 2001). 
 
2.3 Materials and methods 
The methodological approach included different phases, summarized as follows. During 
the first phase, many technical reports were collected from public administrations, 
professional geologists and companies. The reports were analysed and categorized, in order to 
obtain physical and mechanical data on the soil covering the Macigno Fm. The reports 
provided results of 195 tests, including: (i) Dynamic Probing (DP) tests, (ii) Standard 
Penetration Tests (SPT), and (iii) laboratory tests. 
In the second phase, some source areas of shallow landslides were selected, where existing 
DP data were available (boxes in Figs. 2.1 and 2.2). In these areas the soils were expressly 
sampled, in order to perform grain-size analyses and Atterberg limits and to support the 
collected data with additional information. Finally, all data were processed. 
 
2.3.1 Data collection 
Measured mechanical properties of coarse-grained soils (sands and gravels) are rarely 
published (e.g. Blijenberg, 1995; Kokusho et al., 1995). Great difficulties and high costs often 
limit and make it difficult to obtain undisturbed samples from these materials, to perform 
direct shear tests. Consequently, their mechanical properties are mostly based on indirect 
tests, such as penetration tests. Very little reliable mechanical data of the Macigno Fm. soil 
cover are available for the study area. On the contrary, dynamic penetration tests are 
commonly used and can be a base for an areal characterization of this particular material. 
Actually, the dynamic penetrometer is a practical, simple and quick tool for testing soil 
properties, also in difficult areas. 
Therefore, the data collection was focused in searching for data in technical reports 
available at archives of local authority, professional geological offices and companies. The 
database of the Tuscany Region, Seismic Risk Division (Il Rischio sismico in Toscana, 2012), 
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available online and including much geognostic information, was also inspected. Thus, 133 
reports and some individual data were collected, analysed and categorized. This data 
collection provided the results of 177 field investigations (131 DP tests and 46 SPT tests) and 
18 laboratory tests, including 12 direct shear (DS) test. These investigations come from 
several areas of the Lucca province (Northern Tuscany, Figs. 2.1 and 2.2). 
Furthermore, 15 laboratory investigations were performed during this work, in order to 
support the collected data with additional information on grain-size distribution and Atterberg 
limits of the soil covering of the Macigno Fm. On site, the soils were sampled in selected 
source areas of shallow landslides (Fig. 2.2), where data coming from existing DP tests were 
available (boxes in Figs. 2.1 and 2.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.2 Laboratory analysis 
Laboratory tests were performed on 33 soil samples coming from selected source areas of 
shallow landslides, where DP data were already available (boxes in Figs. 2.1 and 2.2). During 
this research 6 and 9 disturbed soil samples were taken in the sites A and B (Tramonte area), 
Fig. 2.2. Sampling sites in the Province of Lucca, Northern Tuscany (base map by Google Maps, 2012). 
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respectively. These samples were taken on the scarps of shallow landslides (Fig. 2.3) at a 
depth of around 0.5 m. Moreover, the results of laboratory tests performed on 18 soil samples 
were collected in technical reports. These samples come from the Vinchiana area (site C), the 
Borgo a Mozzano area (sites D and E), the Barga area (site F), and the Villa Basilica area (site 
G). 
 
 
 
The laboratory tests were performed according to the ASTM (1996) specifications, in order 
to determine grain-size distribution and Atterberg limits of the soil. The grain-size distribution 
was measured using sieve and hydrometer methods as described in ASTM D-422. Atterberg 
limits were measured using the procedure described in ASTM D-4318. 
Generally, the variables tested include: (i) various grain-size distribution parameters (D10, 
D30, D50, D60, and gravel, sand, and fine-grained percentage – Fc), (ii) coefficient of 
uniformity CU, (iii) coefficient of curvature CC, and (iv) Atterberg limits (liquid limit – LL, 
plastic limit – PL, Plasticity Index – PI). The grain-size distribution parameter D refers to the 
apparent grain-size diameter (mm) and the subscripts (10, 30, 50, 60) refer to the percent of 
the soil mass that is finer than that diameter. The variable FC consists of the percentage of the 
total dry soil mass passing the #200 (0.075 mm) sieve (silt + clay). The variable CU (D60/D10) 
is an indicator of the particle range of the soil, whereas CC ((D30)2/(D10·D60)) is a measure of 
the shape of the grain-size distribution curve. 
The results of the laboratory tests were used to classify the soil, according to the Unified 
Soil Classification System (USCS, ASTM D-2487), and to apply the proper parameters in the 
equation (2.5) and in the equations showed in Fig. 2.5, mentioned afterwards. 
Fig. 2.3. Example of shallow landslide scarp (a) and particular of it (b), where samples were collected.
Dashed yellow line shows the scarp. Red arrow indicates the sampling point. 
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In addition, the results of 12 direct shear (DS) tests were collected in technical reports. The 
DS tests were performed on undisturbed soil samples, coming from the Vinchiana (site C) and 
Villa Basilica (site G) areas, frequently involved in landslides (Figs. 2.1 and 2.2). The shear 
strength parameters (cohesion c' and friction angle φ') were useful in calibrating the φ' values 
obtained by Dynamic Probing tests. 
 
2.3.3 Dynamic Probing tests 
As mentioned above, the dynamic penetrometer is a practical and simple tool for testing 
soil properties. Its first use in soil science can probably be ascribed to Parker and Jenny 
(1945), which estimated the soil strength by measuring the energy required to drive a soil-
sampling tube into the soil. The penetration test is based on the number of blows the 
penetrometer hammer needs to insert a probe for a predetermined length. The probe may 
consist of a steel cone (Dynamic Probing – DP) or a sampler (Standard Penetration Test – 
SPT). 
DP test may be directly executed on the natural ground surface, while SPT usually need a 
borehole. Moreover, ease of transport and of use makes DP test suitable and cheaper than 
SPT. Nowadays DP is commonly used to estimate some soil properties, such as thickness, 
relative density DR and friction angle φ' (Eurocode 7, 2004; Cestari, 2005; Odebrecht et al. 
2005; Lo Presti et al., 2007; Lo Presti and Squeglia, 2008; Schnaid, 2009). Nevertheless, in 
Italy and all over the world DP instruments have different features and different methods of 
investigation may be used. This causes problems of standardization and comparability of 
results (Cestari, 2005). 
Stefanoff et al. (1988) proposed a classification of the dynamic penetrometers based on the 
mass of their hammer, which is commonly used worldwide: DP penetrometers are subdivided 
into Light (DPL), Medium (DPM), Heavy (DPH), and Super Heavy Dynamic Probing 
(DPSH) penetrometers (Table 2.1). 
The standard EN ISO 22476-2:2005 (Geotechnical investigation and testing. Field testing. 
Dynamic probing) specifies technical features and requirements of the DP equipment for 
geotechnical investigations and subdivides the DPSH penetrometers into the classes DPSH-A 
and DPSH-B. The main difference between these classes concerns the fall height of the 
hammer; this directly influences the specific work per blow (194 KJ/m2 and 238 KJ/m2 for 
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DPSH-A and DPSH-B, respectively) and, therefore, the efficiency of the DP apparatus. In 
Italy the DPSH penetrometers, similar at DPSH-B type, are frequently used (Cestari, 2005), 
while the DPM penetrometers (Fig. 2.4), more easy to transport, are mainly used in difficult 
areas, such as slopes, woodlands, etc. 
 
Table 2.1. Classification of the dynamic penetrometers (after Stefanoff et al., 1988). 
Type of penetrometer Acronym Hammer mass, M (Kg) 
Light DPL M  10 
Medium DPM 10 < M < 40 
Heavy DPH 40  M < 60 
Super Heavy DPSH M  60 
 
 
 
 
 
 
 
 
 
 
 
As mentioned above, dynamic penetrometers are often used to estimate important 
geotechnical properties of soil (Sivrikaya and Toğrol, 2006; Squeglia et al., 2006; Lo Presti 
and Squeglia, 2008; Mohammadi et al., 2008 Hettiarachchi and Brown 2009; Schnaid et al. 
2009), such as DR and φ'. This implies the use of empirical correlations that may not be 
particularly accurate. This due to of a lack of a complete standardization of the DP 
Fig. 2.4. Sketch of medium Dynamic Probing (DPM). The dimensions of cone tip are also highlighted. 
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equipments commonly used (Cestari, 2005; Lo Presti et al., 2007; Lo Presti and Squeglia, 
2008). 
In order to compare data of different penetrometers, normalization to SPT is required by 
determining the number of blows NSPT referred to the SPT. It uses a correlation factor CF, 
namely the ratio between the specific energy per blow of DP (QDP) and SPT (QSPT). CF is 
calculated as follows, obtaining values of 1.48 for DPSH and 0.76 for DPM penetrometers. 
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where MDP-SPT: hammer mass (kg); HDP-SPT: hammer falling height (cm); ADP-SPT: steel cone 
area (cm2); DP-SPT: cone penetration depth (cm). 
NSPT is then calculated by the following equation: 
 
DPSPT NCFN            (2.2) 
 
where NDP is the number of blows of the DP test and CF is calculated by equation (2.1). 
NSPT is usually normalized according to a standard penetrometer efficiency ER of 60% 
(Skempton, 1986) and an atmospheric pressure of 98.1 kPa (Liao and Whitman, 1986). ER 
depends on the hammer system of the instrument and on the interaction between hammer and 
anvil. Most of the penetrometers used in Italy for SPTs have an ER of 60% (Cestari, 2005), 
the same as the standard. For DPSH and DPM tests an ER of 73% (Pagani Geotechnical 
Equipment, 2012) and 80%, respectively, may be considered. Moreover, the NSPT value 
should be corrected for a number of site-specific factors, to improve its comparability and 
repeatability (Rogers, 2006), obtaining the final (N1)60 value. Therefore, the corrected (N1)60 
represents the normalized value of NSPT (calculated by the equation 2.2) and can be obtained 
using the following equation (Robertson and Wride, 1997): 
 
)()( 601 SRBENSPT CCCCCNN          (2.3) 
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where NSPT: number of blows of SPT; CN=(Pa/σ'V0)0.5: correction factor for effective 
overburden stress that consider the degree of saturation of soil (Liao and Whitman, 1986), 
where Pa is the reference pressure (98.1 kPa) and σ'V0 is the vertical effective stress; CE = ER 
/60%: correction factor for the hammer efficiency, where ER (%) is the efficiency of the 
penetrometer (CE = 1.33 for DPM; CE = 1.22 for DPSH; CE = 1.00 for SPT); CB: correction 
factor for the borehole diameter; CR: correction factor for the drill rod length; CS: correction 
factor for the sampler type. Table 2.2 shows the correction values commonly used for SPT 
and DP test blow-count values. 
 
Table 2.2. Correction factors for SPT and DP blow-count values, taken from Robertson and Wride (1997) and 
Yound and Idriss (2001), as modified by Skempton (1986). 
Factor Equipment Variable Term Correction factor 
Overburden pressure  CN (98.1/ σ’V0)0.5 
Borehole diameter 
65-115 mm 
CB 
1.0 
150 mm 1.05 
200 mm 1.15 
Rod length 
10-30 m 
CR 
1.0 
6-10 m 0.95 
4-6 m 0.85 
3-4 m 0.80 
< 3 m 0.75 
Sampling method 
Standard sampler 
CS 
1.0 
Raymond sampler without liners 1.1-1.3 
 
Since 1986, published correlations have increasingly used (N1)60 values with other 
parameters, such as relative density DR and friction angle φ' (Rogers, 2006). For example, the 
knowledge of (N1)60 allows to estimate DR by the parameters of Table 2.3 (Clayton, 1995) or 
by empirical equations, as that of Skempton (1986). 
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Table 2.3. Estimation of relative density according to (N1)60 value (Clayton, 1995). 
(N1)60  Classification Relative density, DR (%) 
0−3 Very loose 0−15 
3−8 Loose 15−35 
8−25 Medium 35−65 
25−42 Dense 65−85 
42−58 Very dense 85−100 
 
In this study DR was calculated by the Skempton’s (1986) equation, because allows to 
obtain more accurate values of it. This equation is expressed in the form: 
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The equation (2.4) can also be written as: 
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Skempton (1986) considered the ratio (N1)60/DR2 as a parameter affected by overburden 
pressures, ageing and grain size (Cubrinovski and Ishihara, 1999). The parameter (a+b) for 
sandy soils assumes values of 55, 60 or 65 for fine, medium and coarse sand, respectively 
(Skempton, 1986). These assumptions were checked by means of the Cubrinowski and 
Ishihara (1999) approach which gives the possibility of assessing the (a+b) parameter as a 
function of the mean grain size D50 or the coefficient of uniformity CU. 
In this study, such values were assigned to three soil type, namely: sand-silt mixtures (silty 
sand to sandy silt), sands (clean sands to sands with gravel), and sand-gravel mixtures 
(gravelly sand to sandy gravel), respectively. They normally constitute the soils involved in 
landsliding in the study areas and analyzed in this research. These soil types come from 
laboratory tests and site observations on the considered soils. 
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The friction angle φ' can be estimated by empirical methods, using: the NSPT value (e.g. 
Peck et al., 1953; Dunham, 1954; De Mello, 1971; Japan Road Association, 1990), the NSPT 
and the effective overburden stress σ'V0 values (Hatanaka and Uchida, 1996), and the linear 
relationships between φ' and DR, as proposed by Schmertmann (1978). Also the Bolton (1986) 
approach, which takes into account the stress level at failure, could be used. But for the case 
under consideration it is not worthwhile to refer to it. Because, the knowledge of the sand 
mineralogy is necessary to define the constant volume friction angle φ'cv and the stress 
crushability parameter Q (Bolton, 1986). Considering that the soil under consideration results 
from the degradation of Macigno Fm., values of Q = 10 and of φ'cv = 30–32° could be 
assumed, as for Siliceous sands. Moreover, as for a plane strain conditions, a value of the 
coefficient m = 5 should be considered. Anyway, the debris thickness is usually of few meters 
and the effect of the overburden stress from 1 kPa to 100 kPa is of only 1° for medium dense 
and dense sands (Bellotti et al., 1986). This effect seems less relevant than the uncertainties 
introduced by the assumption of the Q and φ'cv values. 
Considering the foregoing, the Schmertmann (1978) approach (Fig. 2.5) was chosen for 
determine the friction angle φ'. This considers the grain-size distribution of the soil and, as 
noted by Squeglia et al. (2006), allows to obtain φ' values characterized by lower variability. 
 
 
 
 
 
 
 
 
 
On the other hand, while the possible Over Consolidation Ratio (OCR) of shallow layers is 
not influent on the penetration resistance and the angle of shear resistance of granular soils, 
the partial saturation or dry condition can lead to an overestimate of the φ' values (Lo Presti et 
Fig. 2.5. Empirical equations for estimating φ' according to DR and grain-size (Schmertmann, 1978). 
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al., 2009), but unfortunately it is not possible to overcome this problem in a simple way and 
without additional in situ measurements. 
 
2.4 Results 
2.4.1 Laboratory analysis 
Sampling depth, grain-size distribution parameters and Atterberg limits of the soil samples 
are summarized in Table 2.4. 19 samples were taken on the scarp of some shallow landslides 
(sites A, B, E, F), while 14 samples, collected in technical reports, were taken in boreholes at 
depth ranging between 1.0 m to 12.5 m (sites C, D, G). 
Figure 2.6 shows the grain-size distribution of all soil samples. The grain-size distribution 
of the 15 soil samples collected during this work on sites A and B (Tramonte area) is showed 
in Fig. 2.6a. In general, the soil samples coming from site A have a higher fine content 
(between 21.8% and 33.2%) than those coming from site B (between 7.0% and 25.3%, Table 
2.4). 
Figure 2.7 shows the grain-size composition of 15 soil samples (sites A and B) collected 
and analysed during this work and of 18 samples coming from technical reports (sites C–G). 
Three different soil types are highlighted by the coloured ovals: (i) sandy soils (21 samples), 
(ii) gravelly soils (5), and (iii) fine-grained soils (7). High variability of grain-size is 
recognizable for the considered samples (Fig. 2.7; Table 2.4). Inspection of Fig. 2.7 and Table 
2.4 indicates that the analysed soils have a sandy component ranging from 19.4% to 80.6% 
(average 49.8%), a gravelly component ranging from 0.1% to 67.0% (average 19.1%), and a 
fine content ranging between 7.0% and 64.0% (average 31.2%). 
On the basis of laboratory test and according to the USCS classification, 21 soil samples 
were classified as sandy soils, including: silty sand SM, silty sand with gravel (SM)g, silty 
clayey sand SC-SM, silty clayey sand w/gravel (SC-SM)g, clayey sand SC, clayey sand 
w/gravel (SC)g, poorly graded sand w/silt SP-SM, well-graded sand w/silt SW-SM and well-
graded sand w/silt and gravel (SW-SM)g. 5 soil samples were classified as gravelly soil: silty 
gravel w/sand (GM)s, clayey gravel w/sand (GC)s, well-graded gravel w/sand (GW-GM)s 
and silty clayey gravel w/sand (GC-GM)s. 7 soil samples were classified as fine grained soil: 
sandy silt s(ML), sandy lean clay s(CL), sandy lean clay w/gravel s(CL), sandy silty clay 
s(CL-ML).  
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Table 2.4. Grain-size distribution parameters, Atterberg limits and USCS classification of the soil samples. The 
second column indicates the sampling depth. The first 15 samples were taken during this research in the sites A 
and B, while the other 19 samples were analysed in technical reports and come from the sites C–G. 
Sample Depth (m) 
Gravel 
(%) 
Sand 
(%) 
Fines, 
Fc (%) D50 CU CC 
LL 
(%) 
PL 
(%) 
PI 
(%) USCS class 
A-1 0.5 33.6 44.6 21.8 0.37 41.8 0.4 22 20 2 (SM)g 
A-2 0.5 23.6 50.6 25.8 0.24 101.0 5.6 21 17 4 (SC-SM)g 
A-3 0.5 12.5 56.5 31.0 0.16 40.2 4.0 21 18 3 SM 
A-4 0.5 8.6 58.2 33.2 0.14 35.4 4.9 22 19 3 SM 
A-5 0.5 4.2 70.4 25.4 0.19 20.9 2.8 20 16 4 SC-SM 
A-6 0.5 16.6 58.5 24.9 0.25 53.8 2.3 22 16 6 (SC-SM)g 
B-1 0.5 12.4 80.6 7.0 0.36 5.0 1.0 - - - SP-SM 
B-2 0.5 21.3 69.3 9.4 0.54 10.2 1.2 - - - (SW-SM)g 
B-3 0.5 12.5 76.8 10.6 0.37 8.0 1.3 21 18 3 SW-SM 
B-4 0.5 23.8 55.5 20.7 0.42 31.0 0.7 19 17 2 (SM)g 
B-5 0.5 25.5 56.0 18.5 0.48 26.5 0.7 19 16 3 (SM)g 
B-6 0.5 12.1 70.4 17.4 0.33 10.2 0.8 20 19 1 SM 
B-7 0.5 25.0 61.9 13.1 0.58 18.8 0.6 - - - (SM)g 
B-8 0.5 19.9 63.7 16.4 0.41 23.7 1.1 - - - (SM)g 
B-9 0.5 3.5 71.2 25.3 0.19 13.9 1.8 19 16 3 SM 
C-1 1.5 13.4 34.2 52.4 0.07 126.7 2.4 34 21 13 s(CL) 
C-2 4.5 45.5 26.0 28.5 2.50 1174.8 0.1 28 21 7 (GC-GM)s 
C-3 3.0 15.7 30.0 54.3 0.06 - - 38 22 16 s(CL)g 
D-1 1.0 28.6 45.3 26.1 0.46 - - 35 22 13 (SC)g 
D-2 1.7 67.0 22.6 10.4 10.05 196.6 7.1 - - - (GW-GM)s 
E-1 0.3 11.2 59.3 29.5 0.14 153.9 21.6 - - - SM 
E-2 0.3 12.8 60.9 26.3 0.30 200.0 15.3 - - - SM 
F-1 0.5 9.4 53.0 37.6 0.16 - - 25 21 4 SM 
F-2 0.5 1.5 60.5 38.0 0.16 - - 28 24 4 SM 
G-1 4.9 1.4 35.8 62.8 0.03 - - 37 25 12 s(ML) 
G-2 3.0 15.0 28.0 57.0 0.05 - - 28 20 8 s(CL)g 
G-3 9.0 55.0 24.0 21.0 6.00 450.0 0.6 39 29 10 (GM)s 
G-4 3.5 2.0 34.0 64.0 0.04 - - 24 17 7 s(CL-ML) 
G-5 3.0 47.5 19.4 33.1 3.90 800.0 0.0 43 29 14 (GM)s 
G-6 7.2 0.3 39.3 60.4 0.05 28.0 3.6 31 21 10 s(CL) 
G-7 12.5 30.9 28.0 41.1 0.21 266.7 0.7 30 20 10 (GC)s 
G-8 5.0 16.7 33.1 53.2 0.065 75.0 2.1 29 19 10 s(CL)g 
G-9 10.5 0.1 66.0 33.9 0.14 100.0 6.3 30 22 8 SC 
The letter in the first column indicates the site where the sample was collected, which and is showed in Fig. 2.2. 
D50: particle size for which 50% of particles are finer; CU: coefficient of uniformity; CC: coefficient of curvature; 
LL: liquid limit; PL: plastic limit; PI: Plastic Index; -: undetermined data. 
Gravel: D ≥ 4.75 mm, according to the USCS; Fines: D < 0.075 mm, according to the USCS. 
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The plot of the Atterberg limits (Table 2.4) on the Casagrande Plasticity Chart (Fig. 2.8) 
shows that the fine-grained fraction of the soil samples may be classified as silt (ML, 13 
samples), silt-clay (ML-CL, 5 samples) and clay (CL, 8 soil samples) of low plasticity (PI 
generally less than 10%). In general the silty fraction prevails (Fig. 2.8). 
 
Fig. 2.6. Grain-size distribution of the soil samples collected in the sites A and B (a) and in
the sites C-G (b) on the slopes involved in shallow landslides. 
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Fig. 2.7. Grain-size composition of the soil samples. Sandy soils, gravelly soils and fine-
grained soils are included in the red, orange and blue ovals, respectively. 
Fig. 2.8. Casagrande Plasticity Chart (ASTM standards) plotting the fine-grained portion of soil samples
collected in the shallow landslide source areas. CL, CH: clays with low and high plasticity, respectively;
ML, MH: silts with low and high plasticity, respectively; OL, OH: organic soils with low and high
plasticity, respectively. 
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As noted by Robertson (2009), if the fine portion is non-plastic, the soil behaviour will be 
controlled more by the sand component. As mentioned above, the analysed soils have a sand 
content ranging from 19.4% to 80.6%, and the 50 percent of these soils have a sand content 
ranging from 34.0% to 61.9%. Moreover it should be considered that it is easier to collect 
samples from the most fine part of the deposit. Therefore, the considered soils have mainly a 
“drained” soil behaviour type. Thus, the use of the equations showed in paragraph 2.3.3 (valid 
for coarse-grained materials) seems appropriate to estimate relative density and friction angle 
of the considered soils. 
Finally, the shear strength parameters (cohesion c' and friction angle φ') obtained by 12 DS 
tests on undisturbed samples, collected on sites C and G (Fig. 2.2) and available in the 
technical reports, are listed in Table 2.5. These samples come from the boreholes performed 
close to the DP sites. The depth of sampling ranges from 1.5 m (C-1) to 12.5 m (G-7). 
 
Table 2.5. Shear strength parameters determined by DS tests performed on soil samples collected in the sites C 
(Vinchiana area) and G (Villa Basilica area). The letter in the first column indicates the site where the sample 
was collected, which and is showed in Fig. 2.2. 
Sample Depth (m) USCS class Friction angle, φ' (°) Cohesion, c' (kPa) 
C-1 1.5 s(CL) 33.8 1.3 
C-2 4.5 (GC-GM)s 36.3 0.3 
C-3 3.0 s(CL)g 29.3 22.9 
G-1 4.9 s(ML) 32.0 18.6 
G-2 3.0 s(CL)g 33.0 13.1 
G-3 9.0 (GM)s 33.0 20.9 
G-4 3.5 s(CL-ML) 32.0 27.7 
G-5 3.0 (GM)s 35.0 0.4 
G-6 7.2 s(CL) 37.2 2.3 
G-7 12.5 (GC)s 35.2 2.9 
G-8 5.0 s(CL)g 37.0 0.3 
G-9 10.5 SC 37.9 1.6 
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The φ' value for the fine-grained soil ranges from 29.3° (C-3 in Table 2.5) to 37.2° (G-6), 
while φ' ranges from 33.0° (G-3) to 37.9° (G-9) for the coarse-grained soils (Table 2.5). 
Cohesion ranges from 0.3 kPa to 27.7 kPa for fine-grained soils and from 0.3 kPa to 20.9 kPa 
for gravelly soils (Table 2.5). The high variability of φ' and c' may be due to different grain-
size distribution and different sampling depth of the soil analyzed (Table 2.5). 
Unfortunately, the data obtained by DS tests are less numerous than those obtained by DP 
tests. Difficulties of probing and high costs make hard to obtain undisturbed samples from the 
considered soils, especially at superficial level, where the soil is more loose. Nevertheless, the 
results of DS tests (Table 2.5) were compared with the φ' values estimated by DP tests in the 
sites C and G. 
Anyway, it is evident that undisturbed samples have been retrieved from the most fine part 
of the soil deposit and only in very few cases a cohesion in between 13 and 30 kPa has been 
observed. Therefore it seems reasonable to assume for the majority of the study area a nil 
value of c'. 
 
2.4.2 Dynamic Probing tests 
Estimation of the geotechnical parameters requires the subdivision and classification of 
soil into homogeneous layers, according to their (N1)60 values. A soil type (A - sand-silt 
mixtures, B - sands, C - sand-gravel mixtures) is attributed to each layer by comparing the 
trend of (N1)60 values with site observations and borehole logs, if available, close to the DP 
test. For example, a significant increase of (N1)60 value may be due to gravelly levels, while a 
jagged trend of the (N1)60 values may be due to alternation between sand and gravel (Fig. 2.9). 
As previously observed, the attribution of soil type is essential to estimate the relative 
density DR and the friction angle φ' by means of the Skempton’s (1986) and Schmertmann’s 
(1978) empirical equations, respectively. 
For each soil type the average values of DR and φ' were calculated, together with their 
statistical indicators of dispersion and central tendency. These parameters were obtained for 
all layers probed by DPSH and DPM tests (Tables 2.6 and 2.7). 
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Table 2.6. Average values of DR and related statistical indicators of dispersion for the three considered soil 
types. No. of data: number of layers of each soil type investigated by DPSH and DPM tests. 
Soil type DP type Average (%) 
St. Error 
(%) 
St. Deviation 
(%) 
Range 
(%) 
Max 
(%) 
Min 
(%) 
No. of 
data 
Soil type A 
DPSH 31.5 0.965 5.459 20.3 39.6 19.3 33 
DPM 32.8 0.766 9.030 44.7 59.8 15.2 139 
Soil type B 
DPSH 44.1 1.338 8.358 39.8 69.0 29.3 39 
DPM 48.5 0.944 10.889 58.6 84.8 26.2 133 
Soil type C 
DPSH 58.5 2.224 13.711 64.5 82.3 17.8 38 
DPM 67.9 1.943 15.178 65.3 97.4 32.2 61 
 
Fig. 2.9. DP profile (a) and soil profile (b) coming from the site C. The soil is subdivided in 
homogeneous layers according to the (N1)60 trend. Each layer is associated to a grain-size category. 
The red lines indicate the transition between different layers. 
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Table 2.7. Average values of φ' and related statistical indicators of dispersion for the three considered soil types. 
No. of data: number of layers of each soil type investigated by DPSH and DPM tests. 
Soil type DP type 
Average 
(°) 
St. Error 
(°) 
St. Deviation 
(°) 
Range 
(°) 
Max 
(°) 
Min 
(°) 
No. of 
data 
Soil type A 
DPSH 32.4 0.138 0.793 3.0 33.8 30.7 33 
DPM 32.6 0.107 1.264 6.3 36.4 30.1 139 
Soil type B 
DPSH 36.6 0.153 0.957 4.5 39.4 34.8 39 
DPM 37.1 0.109 1.252 6.7 41.3 34.5 133 
Soil type C 
DPSH 40.8 0.289 1.780 7.1 43.4 36.3 38 
DPM 41.5 0.223 1.739 7.6 44.9 37.3 61 
 
Dispersion and variability of DR and φ' are also shown by box plots of Figs. 2.10, 2.11 for 
each soil type. The box plots show the DR (Fig. 2.10) and φ' (Fig. 2.11) data in term of: (i) 
minimum value (min), (ii) lower quartile (Q1), (iii) median (Q2), (iv) upper quartile (Q3), and 
(v) maximum value (max). Moreover, the boxes in the diagrams (Figs. 2.10, 2.11) represent 
the interquartile range (IQR), i.e. the difference between Q3 and Q1. IQR is 50% of the range 
(range = max-min, Tables 2.6, 2.7). 
 
IQR rises with the increase in gran-size for DR (Fig. 2.10a) and φ' (Fig. 2.11a) obtained by 
DPSHs. Relating to friction angle, IQR is 1.1%, 1.1% and 2.5% for A, B and C soil types, 
Fig. 2.10. Dispersion and variability of DR values obtained by DPSHs (a) and DPMs (b). Q1: first quartile; Q2:
median ; Q3: third quartile. 
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Fig. 2.11. Dispersion and variability of φ' values obtained by DPSHs (a) and DPMs (b). Q1: first quartile; Q2:
median ; Q3: third quartile. 
respectively (Fig. 2.10a). For friction angle obtained by DPMs (Fig. 2.11b), IQR is 1.7%, 
1.4% and 2.3% for A, B and C soil types, respectively. 
 
 
 
 
 
 
 
 
 
Moreover, Figs. 2.12 and 2.13 show the distribution of DR (Fig. 2.12) and φ' (Fig. 2.13) 
values for each soil type, according to the probing depth. The number of layers probed by 
means of DPM (Figs. 2.12b and 2.13b) is greater than that investigated by DPSH (Figs. 2.12a 
and 2.13a), especially for superficial levels (< 2 m). Really, DPM is more suitable to get data 
on soils in difficult access slopes, as in the source areas of shallow landslides. 
The data plotted show a considerable but reasonable dispersion (Figs. 2.12 and 2.13), 
probably due to grain-size heterogeneity and mineralogical variation within the soil. The φ' 
values for the soil type A, obtained by DPSHs, are included in a range of 3.0° (between 30.7° 
and 33.8°, Table 2.7, Fig. 2.13a), while the φ' values obtained by DPMs range from 30.1° to 
36.4° (range of 6.3°, Table 2.7, Fig. 2.13b). The DR and φ' ranges for other soil type are listed 
in Tables 2.6 and 2.7. 
Dispersion is greater in the superficial levels (< 2 m), where influences of root system of 
the plants on the soil resistance can be major (Roering et al., 2003; Schwarz et al., 2010). It is 
rather typical of data coming from indirect investigations, such as DP tests. Nevertheless, the 
DR mean values coming from DPM and DPSH tests for the three soil types remain 
comparable; major differences are associated to increasing in grain-size (Table 2.6). 
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DR and φ' show an increase in scattering around the mean values (coloured lines in Figs. 
2.12 and 2.13) with the increase in grain-size and sorting. DPM tests show this trend more 
Fig. 2.12. Distribution of DR obtained by DPSH (a) and DPM tests (b) for each soil type, according to the probing
depth. Red line: average DR for soil type A; green line: average DR for soil type B; blue line: average DR for soil
type B. 
Fig. 2.13. Distribution of φ' obtained by DPSH (a) and DPM tests (b) for each soil type, according to the probing
depth. Red line: average φ' for soil type A; green line: average φ' for soil type B; blue line: average φ' for soil
type B. 
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clearly than DPSH tests. The presence of pebbles in a silty-sand mixture or in the sands, even 
if in low percentage, can probably cause significant increase in NDP (number of blows of DP 
test), and consequently in the DR and φ' values. 
Furthermore, at shallow depth commonly investigated by DPs (usually less than 5-6 m in 
order to investigate the soil involved in shallow landslides), DR and φ' of each soil type do not 
show significant increase with depth (Figs. 2.12 and 2.13). 
 
2.4.3 Comparison of results 
In order to validate the results of the research, DR and φ' obtained by DPSH and DPM tests 
were compared with those obtained in similar soils by SPT tests and DS tests. 
Firstly, the average values of DR and φ' were compared with those obtained by 46 SPTs (8 
on soil type A, 11 on soil type B and 27 on soil type C), available in the technical reports. 
This comparison is useful, because the empirical equations used in this work are based on 
SPT. 
The average φ' values obtained by SPTs are: 35.4° for the soil type A, 37.4° for the soil 
type B and 42.5° for the soil type C (Table 2.8). Their standard deviation ranges from 1.3° for 
the soil type C to 2.6° for the soil type B (Table 2.8). In general, as noted by Squeglia et al. 
(2006) for alluvial deposits of the Arno River in Tuscany, dispersion of SPT data is higher 
than that of DP ones. In this research, the φ' values, obtained by SPT tests for the soil types A 
and B, have standard deviations higher than those obtained by DP tests for the same soil 
types. The comparison between SPT, DPSH and DPM data shows small differences (Fig. 
2.14). In general, SPTs provided slightly higher DR and φ' values than DPs, especially for the 
soil type A (Fig. 2.14). Therefore DPs seem more conservative than SPTs. 
 
Table 2.8. Average values of φ' and related statistical indicators of dispersion for the three considered soil types 
probed by means of SPT. No. of data: number of layers of each soil type investigated by SPTs. 
Soil type Average (°) St. Error (°) St. Deviation (°) Range (°) Max (°) Min (°) No. of data 
Soil type A 35.4 0.698 2.225 6.9 38.8 31.9 8 
Soil type B 37.4 0.779 2.603 8.7 42.7 34.0 11 
Soil type C 42.5 0.245 1.319 5.4 45.4 40.0 27 
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Moreover, the φ' values obtained by Dynamic Probing tests were compared with those 
resulting from DS tests (when available) (Table 2.9). The DS tests were performed on 
undisturbed samples taken in boreholes in the same soil type close to the DP sites, at the same 
depth and stress conditions, as described above. 
 
Table 2.9. Comparison between the φ' values estimated by DS tests (φ'DS) and by DP tests (φ'DP). The tests were 
performed on the same site and soil class. The location of the boreholes and the DP tests is show in Fig. 2.15. 
Site 
Borehole Soil sample Dynamic Probing test 
n° Depth (m) n° 
Depth 
(m) 
USCS 
class 
φ'DS 
(°) n° 
DP distance 
from borehole 
(m) 
φ'DP 
(°) 
Average 
φ'DP (°) 
C 
C-BH1 11.0 C-1 1.5 s(CL)g 33.8 C-DP4 60.0 33.5 33.5 
C-BH3 15.0 C-3 3.00 s(CL) 29.3 
C-DP1 38.0 32.6 
32.0 C-DP2 53.0 31.6 
C-DP3 62.0 31.8 
G 
G-BH6 30.0 G-6 7.2 s(CL) 37.2 G-DP3 44.0 36.3 36.3 
G-BH8 20.0 G-8 5.0 s(CL)g 37.0 
G-DP1 13.5 37.1 
37.0 
G-DP2 11.5 36.8 
Fig. 2.14. Comparison between the DR (a) and φ' (b) values obtained for each soil type by DPM, DPSH and SPT
tests. The little bars show the standard deviation. 
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Table 2.9 lists the φ' values obtained by DS and DP tests in the sites C and G (Fig. 2.15) 
and used for the comparisons. The φ' determined by DS tests was compared with the φ' 
obtained by DP tests close to the sampling site (Table 2.9; Fig. 2.15). In two cases was used 
the φ' value obtained by a single DP test (soil samples C-1 and G-6), while in other two cases 
(soil samples C-3 and G-8) was used the average value of φ' obtained by few DP tests. 
 
 
Figure 2.16 underlines that in 2 cases the φ' obtained by DP tests is underestimated in 
respect to that obtained by DS tests (samples: C-1 and G-6), while in one case it is 
overestimated (sample C-3). The friction angle resulting from DS and DP tests show good 
linear correlation (R2 = 0.92, Fig. 2.16), confirming the satisfactory and repeatable results of 
DP tests. 
 
 
 
 
Fig. 2.15. Satellite view of the sites C (a) and G (b) where soil samples were collected (base map by Google
Earth, 2012). Location of boreholes and DP tests is highlighted. 
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2.5 Final remarks and perspectives 
Utility and suitability of the DP tests in characterizing the soil slope cover emerged in this 
research. The study mainly focused on the soil formed on the most typical arenaceous 
formations, such as the Macigno Fm., vastly cropping out in Northern Tuscany. It was based 
on DP tests (DPM and DPSH), commonly used because of their numerous advantages. Even 
though literature does not offer many data on the mechanical properties of these granular 
materials, DPs supplied useful data, allowing a reliable characterization of soil. 
In detail, 91 DPMs, 40 DPSHs, 46 SPTs and 12 DS tests were analysed. The data 
discussed above show good consistency. By means of DP tests a lot of data can be easily and 
quickly acquired, so characterizing wide areas and parameter variability instead of having at 
our disposal just few spotty data from boring, undisturbed sampling and laboratory tests. 
Some direct and indirect situ tests (drilling, seismic survey, etc.) can calibrate and improve the 
empirical equations for obtaining the required geotechnical properties. Difficulties or 
impossibility of undisturbed sampling in coarse-grained soils might be surmounted by in situ 
direct shear tests. They can represent a possible and significant improvement in the 
Fig. 2.16. Comparison between the φ' values resulting from DS tests and DP tests, performed on the same
site and soil type. The little bars show the standard deviation of the φ' values estimated by DP tests close
to the sampling point. 
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knowledge of the soil behaviour and can also give data on the residual strength. Undisturbed 
sampling by in situ freezing may be another effective approach to obtain undisturbed 
materials for laboratory testing. 
In this way actual and reliable parameters may be achieved, on which landslide 
susceptibility and hazard maps can be based. However, DP apparatus should be standardized 
in Italy and worldwide, in order to get more comparable results, which is actually one of the 
main difficulties in using DP tests. Another general limit of the DP method includes the use of 
empirical relationships, often obtained considering only homogeneous sandy materials. From 
this point of view, a complete analysis of numerous DP tests in different soil materials could 
allow calculations using more suitable, specifically calibrated equations. 
Despite such limits, the use of DPs in difficult areas can give interesting results. Examples 
in applying the DPs results come from slope stability analyses and particularly from the 
shallow landslide hazard assessment (Giannecchini et al., 2007; D’Amato Avanzi et al., 
2009). 
The methodological approach here presented may be improved in several aspects, which 
will be considered in developing this research: 
- soil profile survey and description in selected, representative source areas of shallow 
landslides; 
-  in situ mechanical and hydrogeological tests and direct shear stress tests, in order to 
get peak and residual friction angles, cohesion, permeability, effective infiltration, etc.; 
- undisturbed sampling for laboratory tests (mass weight, mechanical and 
hydrogeological parameters); 
- calibration of DP results and performing of empirical relations specifically calibrated 
on the considered soils; 
- performing of geotechnical and susceptibility maps and comparison with rainfall 
thresholds for triggering shallow landslides; 
- preparation of landslide hazard maps and scenarios for different rainfall amounts. 
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3 Critical rainfall thresholds for triggering shallow landslides in 
the Serchio River Valley (Tuscany, Italy) 
 
 
Abstract 
The Serchio River Valley, in north-western Tuscany, is a well-known tourism area 
between the Apuan Alps and the Apennines. This area is frequently hit by heavy rainfall, 
which often triggers shallow landslides, debris flows and debris torrents, sometimes causing 
damage and death. The assessment of the rainfall thresholds for the initiation of shallow 
landslides is very important in order to improve forecasting and to arrange efficient alarm 
systems. 
With the aim of defining the critical rainfall thresholds for the Middle Serchio River 
Valley, a detailed analysis of the main rainstorm events was carried out. The hourly rainfall 
recorded by three rain gauges in the 1935-2010 interval was analysed and compared with the 
occurrence of shallow landslides. The rainfall thresholds were defined in terms of mean 
intensity I, rainfall duration D and normalized using the mean annual precipitation. Some 
attempts were also carried out to analyse the role of rainfall prior to the damaging events. 
Finally, the rainfall threshold curves obtained for the study area were compared with the local, 
regional and global curves proposed by various authors. The results of these analysis suggest 
that in the study area landslide activity initiation requires a higher amount of rainfall and 
greater intensity than elsewhere. 
 
Keywords: Shallow landslides, critical rainfall threshold, antecedent rainfall, Serchio River 
Valley, Tuscany. 
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3.1 Introduction 
Intense or prolonged rainfall events often cause considerable landslides, floods, damage 
and casualties, as frequently happens in Northern Tuscany. The Serchio River Valley is 
situated between the Apuan Alps to the W-SW and the Tuscan-Emilian Apennines to the E-
NE (Fig. 3.1). The main peaks reach almost 2,000 m a.s.l., while the valley bottom is about 
30-100 m a.s.l. (Fig. 3.2). 
 
 
 
Fig. 3.1. Map of the Serchio River Valley and location of the three selected rain gauges.
Red rectangle shows the Middle Serchio R. Valley. Base map: courtesy of the Authority of
the Serchio River Basin. 
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Heavy rainfall events characterize the Middle Serchio River Valley (MSRV), where the 
mean annual precipitation (MAP) is between 1,300 and 1,700 mm and can exceed 3,000 mm 
in the Apuan Alps (Fig. 3.3). In several cases, intense rainstorms striking the study area have 
triggered many shallow landslides (mainly soil slips, debris flows), which have exposed the 
local population to risk. 
Shallow landslides typically involve a small volume of earth and/or debris, but are 
characterized by high velocity and high impact energy. Furthermore, during intense 
rainstorms many shallow landslides initiate almost simultaneously. Some shallow landslides 
often direct towards the streams, increasing the torrent load. As an example, on 20 November 
2000 heavy rainfall hit the MSRV, inducing around 150 failures (Fig. 3.4) and killing 5 
people. Other rainstorms occurred on 20 January 2009, 24 December 2009 and 19 June 2010, 
triggering many shallow landslides that caused severe damage to buildings and 
infrastructures. The shallow landslides often affect the road network, generally due to a lack 
or deficiency of surface water draining systems, which is a recurrent case in many regions of 
Fig. 3.2. Map of MSRV. Shades of colour show elevation, from 5×5m DEM. Black triangles show location of
the 3 considered rain gauges. The black frame shows the study area. DEM: courtesy of the Authority of the
Serchio River Basin. 
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Fig. 3.3. Isohyet map of the MSRV for the 1951-1981 interval (after Baldacci et al., 1993, modified). 
the world (Anderson, 1983; Haigh et al., 1993; Larsen and Parks, 1997; D’Amato Avanzi et 
al., in press). For example, during the 24 December 2009 rainstorm 132 landslides affected 
the roads: 22 occurred along the main roads, the other 110 along local ones. This generally 
blocks the traffic, often isolating villages and stopping productive activities (D’Amato Avanzi 
et al., 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
The definition of rainfall thresholds for the initiation of shallow landslides can provide a 
crucial decision-making tool in risk management. In the relevant literature, two approaches 
have been proposed for evaluating the relationship between rainfall and landslide occurrence. 
The first approach is based on physical, process-based models (Montgomery and Dietrich, 
1994; Wilson and Wieckzorek, 1995; Wu and Sidle, 1995; Iverson, 2000; Crosta and Frattini, 
2003), whereas the second approach relies on the definition of empirical thresholds (Caine, 
1980; Reichenbach et al., 1998; Corominas, 2000; Aleotti, 2004; Wieczorek and Glade, 2005; 
Giannecchini, 2006; Guzzetti et al., 2007, 2008; Cannon et al., 2008; Dahal and Hasegawa, 
2008, Brunetti et al., 2010; Saito et al., 2010). 
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The physical models generally require numerous and expensive geotechnical 
characterization of the materials involved in landsliding, and therefore may be applied only in 
restricted areas. 
The empirical approach can be classified according to the geographical extent over which 
the critical thresholds are defined (i.e. global, national, regional or local), and by the type of 
rainfall information used to determine the threshold (Guzzetti et al., 2007, 2008). 
Rainfall duration D, rainfall intensity I, cumulative event rainfall E, and antecedent rainfall 
A(D) are the most commonly investigated variables. In particular, landslide initiation is 
frequently related to rainfall intensity and duration (Caine, 1980; Aleotti, 2004; Giannecchini, 
2006; Guzzetti et al., 2007, 2008; Cannon et al., 2008; Coe et al., 2008; Dahal and Hasegawa, 
2008). Antecedent rainfall, geological and climatic context play important roles in triggering 
landslides, but the rate of water infiltration and its movement below the surface are the key 
aspects of landslide initiation and are considered in physically based, process driven methods 
(Caine, 1980; Reichenbach et al., 1998; Iverson, 2000; Crosta and Frattini, 2003; 
Giannecchini et al., 2007; D’Amato Avanzi et al., 2009). The empirical approach avoids 
Fig. 3.4. Sketch map of the main shallow landslides triggered during the 20 November 2000 rainstorm in the
Vinchiana area. 
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quantifying the numerous parameters needed by the physically-based models. It could be used 
in applying physically-based approaches. 
The mathematical or statistical criteria used in defining critical rainfall thresholds are not 
usually specified in the literature, except in rare cases, as in Guzzetti et al.’s reviews (2007, 
2008). A rainfall threshold is generally obtained on a linear or logarithmic-scale graph by 
drawing the differentiation line between the rainfall features (e.g., rainfall duration and 
intensity) that cause landslides and those that do not, or by drawing the lower boundary of the 
rainfall features resulting in failures. Recently, some authors (Guzzetti et al., 2007, 2008; 
Brunetti et al., 2010; Saito et al., 2010), criticizing the above-mentioned approaches due to 
their lack of objectivity and repeatability, have introduced some statistical methods for the 
definition of more objective rainfall intensity-duration (ID) thresholds. A first method is 
based on a probabilistic approach (“Bayesian inference method”) and can be used to 
determine the minimum-ID threshold for the initiation of landslides (Guzzetti et al., 2007, 
2008; Brunetti et al., 2010). Brunetti et al. (2010) also adopts a “Frequentist” approach in 
order to determine the intercept α and the slope β of the power law curve selected to represent 
the rainfall threshold. Other statistical criteria use quantile regression to determine the ID 
thresholds objectively (Saito et al., 2010). In order to define the minimum-ID rainfall 
thresholds, a quantile regression may be performed for some percentiles, for example in the 
2nd and 5th percentiles of the rainfall events dataset. 
In this work the hourly rainfalls recorded by three rain gauges (Borgo a Mozzano from 
1942 to 2010, Mutigliano from 1937 to 2010 and Vinchiana from 1964 to 2010) of the MSRV 
were analyzed and compared with the occurrence of shallow landslides involving 
homogeneous areas in terms of geological, geomorphologic and climatic features. 
In accordance with more traditional methods (Giannecchini, 2006 and reference therein), 
the rainfall thresholds and the normalized rainfall thresholds were obtained using manual 
fitting methods by determining a differentiation line of the dataset including rainfall 
conditions that did or did not result in landslides. Considering the fragility of the study area, 
the possibility of obtaining and managing more cautionary rainfall thresholds prompted the 
use of manual fitting. 
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3.2 Study area  
The MSRV is situated between the Apuan Alps to W-SW and the Apennine chain to E-NE 
(Fig. 3.2). It falls within the Northern Apennines, a fold-and-thrust belt formed during the 
Upper Cretaceous-Upper Miocene. From the Upper Miocene, the tensional tectonics gave 
origin to tectonic depressions bounded by NW-SE trending normal faults, in which either 
marine or continental successions were deposited. From top to bottom, the Ottone unit, the 
Canetolo unit and the Tuscan Nappe crop out. These originated in different paleogeographic 
domains: the Ligurian, the Sub-Ligurian and Tuscan domains, respectively (Elter et al., 1975; 
Carmignani and Kligfield, 1990; Carmignani et al., 2000; Puccinelli et al., 2012). Pliocene 
and Quaternary continental deposits extensively cover the slopes. 
The morphology is highly influenced by the geological and structural features. NW-SE 
trending normal faults delineate the fundamental configuration of the Serchio River Valley, 
which can be considered as a consequent valley, adapted to the tectonic structure. The uplift 
movements of the late orogenic stages determined relevant height differences, while the 
fluvial and slope processes shaped the landscape. Glacial processes involved the higher areas 
close to the main watershed (Castaldini et al., 2004). 
The climatic conditions of the MSRV are directly related to the geographical and 
morphological features. The mountains intercept Atlantic and Mediterranean humid air 
masses, forcing adiabatic ascent and subsequent condensation, which results in heavy 
precipitation events. The rainfall regime of the MSRV can be ascribed to the Apennine-
Mediterranean type with transition to the sub-coastal type. It is characterised by dry summers 
and cold winters, with a primary peak of rainfall in autumn and a secondary maximum in 
spring. The mean annual rainfall depends on the altitude. It ranges from 1,300 mm of the 
valley floor to about 1,800 mm at higher altitudes (Fig. 3.3, Baldacci et al., 1993). 
Intense rainstorms are quite frequent and can trigger a lot of shallow landslides, mostly 
involving the colluvium and debris deposits of the Macigno Fm. (Tuscan Nappe). This 
formation underlies about 35% of the study area. It consists of siliciclastic turbidites made of 
grey-brown sandstone and normally shows a high sandstone/shale ratio and thick to very 
thick, coarse-grained strata. Based on Bieniawski’s (1989) Rock Mass Rating, the Macigno 
Fm. can be typically described as a stratified medium strong rock, intersected by orthogonal, 
NW and SE trending joint sets. The joint sets are closely spaced, very persistent, open, 
smooth or slightly rough, from moderately to highly weathered and dry to damp. Infilling is 
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not very significant. The basic Rock Mass Rating is of about 35 (poor rock). Intense 
deformation and fracturing of the rock, together with chemical alteration, lead to a 
considerable production of debris and colluvium. These deposits consist of sand and gravel 
with a minor part of finer materials (silt and clay) and can mantle vast slopes, with a thickness 
commonly between 0.5 m and 2-3 m. 
The shallow landslides considered here can be classified as complex, rapid to extremely 
rapid debris slide-debris flows (Cruden and Varnes, 1996) and are also known as soil slip-
debris flows, or simply debris flows (Campbell, 1975). They commonly involve the entire 
thickness of the slope deposit, up to an impermeable or less permeable bedrock (mostly 
consisting of the Macigno Fm.). A thin portion (0.5-1 m) of highly weathered bedrock may 
also be involved. Afterwards, the material usually flows into the riverbeds and quickly 
reaches the main valley bottom, where the reduced slope gradient induces deposition and 
stops the flowing mass. 
 
3.3 Methodology 
The main rainfall events recorded by three rain gauges in the MSRV (Figs. 3.1 and 3.2) 
were analysed with the goal of defining the rainfall thresholds for the initiation of shallow 
landslides. 
The analysis of rainfall events shorter than 24 hours requires hourly rainfall data. Therefore 
it considered different operating periods for the three rain gauges: from 1935 to 2010 for the 
Mutigliano rain gauge (34 m a.s.l.), from 1942 to 2010 for the Borgo a Mozzano rain gauge 
(141 m a.s.l.), and from 1964 to 2010 for the Vinchiana rain gauge (91 m a.s.l.). Despite 
different operating periods of the rain gauges analyzed, these stations are believed the most 
effective for the analysis. They are quite close together, since 12 km separate the Mutigliano 
and Borgo a Mozzano rain gauges, while the Vinchiana one is exactly halfway between them 
(Figs. 3.1 and 3.2). 
The rain gauges were equipped with pluviographs until 2000. In 2000 the Borgo a 
Mozzano and Mutigliano rain gauges were equipped with electronic rain gauges, while the 
Vinchiana rain gauge was replaced by an electronic one about 2 km away (near the village of 
Piaggione, 45 m a.s.l.). 
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Fig. 3.5. Examples of pluviograph charts (D: rainfall duration; E: cumulative event rainfall; I: rainfall intensity): 
record of the 26 September 1942 rainstorm in the Borgo a Mozzano area (a); record of the 9 January 1979 
rainstorm in the Mutigliano area (b). 
The mean annual precipitation (MAP) was calculated for the whole recording time of the 
stations, including the period of both daily and hourly recording. The MAP for each 
instrument increases with altitude: 1,331 mm at Mutigliano, 1,376 mm at Vinchiana and 
1,565 mm at Borgo a Mozzano. 
During the period considered in this research, 335 rainfall events were analysed on the 
basis of the combination of rainfall duration D and cumulative rainfall E. From 1942 onwards, 
97 events were recorded by at least two rain gauges. Since 1964, 29 events have been 
recorded in all the rain gauges. Altogether 490 rainfall records were analyzed (195 at Borgo a 
Mozzano, 155 at Mutigliano, and 140 at Vinchiana). 
Each event was evaluated on the basis of the pluviograph data (Fig. 3.5). For example, 
events with low duration (1-2 hours) and high intensity (20-45 mm h-1), or high duration (80-
100 hours) and low intensity (1.5-3 mm h-1) and intermediate events were considered. For 
each event the following rainfall variables were collected: (i) cumulative rainfall E (mm), (ii) 
rainfall duration D (hours), (iii) mean intensity I (mm h-1), and (iv) antecedent rainfall A(D) 
(mm) related to 3, 7, 15 and 30 days. 
 
 
 
 
 
 
 
 
For each rainfall event a thorough research on its consequences in the study area (number 
of shallow landslides, damage, deaths) was carried out. Areas of about 10-15 km around each 
rain gauge were considered in order to find possible consequences of the rainfall events. 
Different sources of information were analysed, including: (i) archives of the local municipal 
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councils, (ii) scientific papers, (iii) technical reports, (iv) regional and local newspapers, and 
(v) information provided by local inhabitants. However, most of the information came from 
local newspapers (Fig. 3.6). 
 
The rainfall events investigated were subdivided into three groups on the basis of the 
consequences induced on the territory and gathered by the archive research. Since the 1980s 
the rainfall events can be discriminated on a quantitative basis: (i) events that induced ten or 
more shallow landslides (A events, in the following tables and graphs), (ii) events that 
induced less than ten shallow landslides (B events); and (iii) events that did not trigger any 
landslides, including those events for which no information on consequences was found in 
archives and newspapers (C events). Before the 1980s information about the number and 
consequences of landslides are often confused and incomplete. Therefore, on the basis of 
qualitative descriptions reported by newspapers and documents, events that induced several 
landslides have been included in the A-type, while events that only locally induced few 
landslides have been considered as B-type. For the A events information on the effects is very 
clear. For example, during the 20 November 2000 heavy rainstorm approximately 150 
shallow landslides occurred, causing 5 fatalities. Table 3.1 shows number and frequency of A, 
B and C-type events for each rain gauge. 
 
 
Fig. 3.6. Example of information coming from a local newspaper. The main title reads: “Many roads affected by
landslides” (source: Il Tirreno, 11 November 1982). 
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Table 3.1. Frequency of the A, B and C events at the three rain gauges of the study area (A: events that induced 
ten or more shallow landslides; B: events that induced less than ten shallow landslides; C: events that did not 
trigger any landslides). %: percentage of events that fall in A, B and C group for each considered rain gauge. 
Rain gauge A events B events C events Total 
 no. % no. % no. % no. 
Borgo a Mozzano 5 3 35 18 155 79 195 
Mutigliano 5 3 25 16 125 81 155 
Vinchiana 6 4 26 19 108 77 140 
 
3.4 Critical threshold analysis 
3.4.1 Intensity-Duration thresholds 
In the 1935-2010 period the rain gauges recorded many rainfall events: 195 at Borgo a 
Mozzano, 155 at Mutigliano, and 140 at Vinchiana. Most of them were recorded by all three 
rain gauges. 
The research highlighted that very heavy rainstorms occurred: on 25 November 1990, 20 
November 2000, and 19 June 2010 in the Vinchiana area, on 26 September 1942, 21 
September 1994, and 20 January 2009 in the Borgo a Mozzano area, and on 9 January 1979, 9 
June 1992, and 5 October 1998 in the Mutigliano area. With reference to the seasonal 
distribution, the analyzed rainstorm events preferentially occurred in autumn (almost 50% in 
the September-November period, Fig. 3.7), the rainiest season in the study area. Giannecchini 
(2006) found a comparable seasonal distribution for the adjacent Southern Apuan Alps, while 
Guzzetti (2000) and Guzzetti et al. (2005) obtained similar results on a national scale for 
rainfall events that caused deaths or missing people. Figure 3.7 shows the seasonal 
distribution of all the analysed rainstorms (Fig. 3.7a) and of those inducing shallow landslides 
and damage (Fig. 3.7b). The most severe rainstorms usually occurred between September and 
November, and in the June-August period. 
In order to construct the rainfall intensity-duration (ID) thresholds, all the duration D and 
intensity I data were plotted together on a bi-logarithmic scale (D on the x-axis, I on the y-
axis), where the A, B and C events were also plotted. Then, manual fitting was used to draw 
the critical threshold curve, i.e. the curves better differentiating the A, B and C events. 
71 
 
 
Upper and lower threshold curves can be traced. They subdivide the ID field into three 
parts, including the rainfall conditions of rainstorms which induce different stability 
conditions (Fig. 3.8). The rainfall events falling between the two curves should trigger only a 
few landslides, while those falling above the upper curve should trigger more than ten 
landslides. Below the lower curves no consequences are expected. 
The threshold curves are expressed in the form (Caine, 1980): 
 
  DI           (3.1) 
 
where I is the rainfall intensity (mm h-1), D is the duration of the rainfall event (hours), α is 
the intercept, and β defines the slope of the power law curve. 
The rainfall thresholds are defined for the range of duration 2<D<70 h, 1.5<D<80 h and 
1<D<80 h for the Borgo a Mozzano, Mutigliano and Vinchiana rain gauges, respectively (Fig. 
3.8; Table 3.2). Generally the upper thresholds are defined in the range of mean intensity 
4<I<60 mm h-1, while the lower thresholds are defined in the range of 2<I<40 mm h-1 (Fig. 
3.8). Inspection of Fig. 3.8 indicates that both the upper and lower threshold curves are 
similar for the three rain gauges. 
Fig. 3.7. Seasonal distribution of the main rainstorms occurring in the MSRV from 1935 to 2010, recorded at the
Borgo a Mozzano, Mutigliano and Vinchiana rain gauges: (a) distribution of all the rainstorms analysed; (b)
distribution of the rainstorms inducing shallow landslides. 
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Rainfall events lasting approximately 10 hours are quite frequent in the study area. 
Therefore, rainfall durations of both 10 and 24 h were considered. For a rainfall duration D of 
10 h rainfall intensities are 13.4, 13.5 and 12.0 mm h-1 for the Borgo a Mozzano, Mutigliano 
and Vinchiana upper thresholds (1, 3 and 5 in Fig. 3.8d, respectively). 
Fig. 3.8. Intensity-duration correlation for the Borgo a Mozzano (a), Mutigliano (b) and Vinchiana (c) rain
gauges. The lower (blue) and upper (red) threshold curves are shown. (d) Comparison between the ID thresholds
obtained for the study area. The three stability fields are highlighted; 1) Borgo a Mozzano upper curve; 2) Borgo
a Mozzano lower curve; 3) Mutigliano upper curve; 4) Mutigliano lower curve; 5) Vinchiana upper curve; 6)
Vinchiana lower curve. 
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For a duration of 24 h, intensities are 6.7, 6.9 and 6.4 mm h-1 for the Borgo a Mozzano, 
Mutigliano and Vinchiana upper thresholds (1, 3 and 5 in Fig. 3.8d, respectively). The 
Vinchiana upper threshold is the lowest, i.e. the most conservative for a duration less than 30 
h, and especially for short events (D≤10 h). 
 
Table 3.2. Rainfall ID thresholds for initiation of shallow landslides for the Borgo a Mozzano, Mutigliano and 
Vinchiana rain gauges. Equation: D, rainfall duration in hours; I, rainfall intensity in mm h-1. Range: range of 
validity for the threshold. 
Rain gauge Type Equation Range 
Borgo a Mozzano 
upper curve I=80.39·D-0.78 2<D<70 
lower curve I=43.48·D-0.74 2<D<70 
Mutigliano 
upper curve I=75.21·D-0.75 1.5<D<80 
lower curve I=43.25·D-0.78 1.5<D<80 
Vinchiana 
upper curve I=63.46·D-0.72 1<D<80 
lower curve I=41.39·D-0.76 1<D<80 
 
As regards the lower thresholds (Fig. 3.8), for a duration of 10 h the rainfall intensity is 7.8 
mm h-1, 7.2 mm h-1, and 7.1 mm h-1 at Borgo a Mozzano (2 in Fig. 3.8d), Mutigliano (4 in Fig. 
3.8d) and Vinchiana (6 in Fig. 3.8d) rain gauges, respectively. For D≥24 h, the Borgo a 
Mozzano lower threshold is less conservative. 
Figure 3.8 also shows some misclassifications of the type of events. Some A events fall in 
the B events field and vice versa. Such exceptions are probably due to uncertainty in the areal 
extent of the damage, which can often be based only on historical description or information 
by newspapers. Other misclassifications occur between B and C events. For example, in the 
Borgo a Mozzano case (Fig. 3.8a) there are 12.9% missing events. These missing events are 
not linkable to definite causes. Occasional and extemporary causes probably add to the 
triggering rainfall and induce unexpected landslides. Otherwise, bad functioning of the rain 
gauge could be an alternative cause. 
In Fig. 3.8 the upper and lower threshold curves identify three fields with differing degrees 
of stability. Below the lower threshold (blue line) stability generally prevails. Above the 
upper curve (red line) instability prevails, while the field between the two curves includes 
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intermediate or uncertain stability (Fig. 3.8d). The probability of each A, B or C event to fall 
within a defined stability field can be estimated. The results are shown in Table 3.3. 
 
Table 3.3. Frequency of the A, B and C events in each stability field for the three rain gauges The percentage of 
the events falling in the proper field is in bold (theoretically it should be 100%). 
Rain gauge Event type No. events 
Stability 
field (%) 
Intermediate 
(%) 
Instability field (%)
Borgo a 
Mozzano 
A 5 0 0 100 
B 35 12.9  87.1  0 
C 155 86.5 13.5 0 
Mutigliano 
A 5 0 10 80 
B 25 8 80 12 
C 125 81.6 18.4 0 
Vinchiana 
A 6 0 0 100 
B 26 3.8 84.7 11.5 
C 108 85.2 14.8 0 
 
3.4.2 Normalization 
Various authors assert that each area is in equilibrium with its rainfall conditions 
(Guidicini and Iwasa, 1977; Govi and Sorzana, 1980; Cannon, 1988; Bacchini and Zannoni, 
2003; Aleotti, 2004; Giannecchini, 2006). Therefore, in order to normalize the rainfall data, 
they are commonly compared to the mean annual precipitation (MAP). 
The MAP was calculated all through the investigated period for each rain gauge. The MAP 
was 1,565 mm at Borgo a Mozzano (from 1921 to 2010), 1,376 mm at Vinchiana (from 1930 
to 2010) and 1,331 mm at Mutigliano (from 1934 to 2010). The MAP is different for each 
rain gauge, since it rises with altitude. Guidicini and Iwasa, (1977) introduced the normalized 
event rainfall (EMAP), i.e. the cumulative event rainfall divided by MAP. Based on this 
parameter, the relationships EMAPI and EMAPD were analysed for each rain gauge (Figs. 3.9 
and 3.10; Tables 3.4 and 3.5). 
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On the basis of the same empirical approach and manual fitting used for the identification 
of the ID thresholds, two threshold curves were drawn (Figs. 3.9 and 3.10). For each rain 
gauge the bi-logarithmic functions EMAP (I) and EMAP (D) describe the thresholds (Tables 3.4 
and 3.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9. Bi-logarithmic EMAPI correlation for the Borgo a Mozzano (a), Mutigliano (b) and Vinchiana (c) rain 
gauges. Upper (red) and lower (blue) critical threshold curves are shown. (d) Comparison between the different 
thresholds; 1) Borgo a Mozzano upper curve; 2) Borgo a Mozzano lower curve; 3) Mutigliano upper curve; 4)
Mutigliano lower curve; 5) Vinchiana upper curve; 6) Vinchiana lower curve. 
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Fig. 3.10. Bi-logarithmic EMAPD correlation for Borgo a Mozzano (a), Mutigliano (b) and Vinchiana (c) rain
gauges. Upper (red) and lower (blue) critical threshold curves are shown. (d) Comparison between the
thresholds; 1) Borgo a Mozzano upper curve; 2) Borgo a Mozzano lower curve; 3) Mutigliano upper curve; 4)
Mutigliano lower curve; 5) Vinchiana upper curve; 6) Vinchiana lower curve. 
 
The EMAPI and the EMAPD thresholds are expressed by the equations (3.2) and (3.3), 
respectively: 
  IEMAP           (3.2) 
 DEMAP            (3.3) 
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where EMAP is the normalized event rainfall, I is the rainfall intensity (in mm h-1), D is the 
duration of the rainfall event (in hours), α is the intercept, and β defines the slope of the power 
law curve. 
Two threshold curves delimit three fields of stability (Figs. 3.9 and 3.10): stability 
generally prevails (below the lower curve), uncertain stability (between the two curves), 
instability (above the upper curve). Figures 3.9 and 3.10 show that some B events (triggering 
less than ten shallow landslides) fall below the lower threshold curves. These missing events 
can be due to occasional and extemporary causes or to bad functioning of the rain gauge. 
Inspection of Fig. 3.9 and Table 3.4 indicates that the EMAP, the critical amount for 
triggering shallow landslides, decreases with increasing I. The lower thresholds obtained for 
the three rain gauges are similar. The Borgo a Mozzano lower threshold (2 in Fig. 3.9d) is the 
most conservative, while the Mutigliano upper threshold (3 in Fig. 3.9d) is higher than those 
of Borgo a Mozzano (1 in Fig. 3.9d) and Vinchiana (5 in Fig. 3.9d). This result depends on 
the MAP value. In fact, the MAP obtained for Mutigliano (1,331 mm) is lower than those for 
Vinchiana (1,376 mm) and Borgo a Mozzano (1,565 mm). The Vinchiana upper threshold is 
steeper (β=0.40) than those for Borgo a Mozzano (β=0.32) and Mutigliano (β=0.31). This 
indicates that, for the Vinchiana upper threshold, the rainfall intensity is more important than 
the cumulative rainfall in discriminating rainfall conditions triggering several or few shallow 
landslides. 
 
Table 3.4. EMAPI thresholds for initiation of shallow landslides for the Borgo a Mozzano, Mutigliano and 
Vinchiana rain gauges. Equation: I, rainfall intensity in mm h-1; EMAP, cumulative event rainfall normalized by 
MAP. Range: range of validity for the threshold. 
Rain gauge Type Equation Range 
Borgo a Mozzano 
upper curve EMAP=19.27·I-0.32 3.5<I<40 
lower curve EMAP=11.40·I-0.39 2<I<40 
Mutigliano 
upper curve EMAP=22.84·I-0.31 4<I<50 
lower curve EMAP=13.20·I-0.40 1.5<I<40 
Vinchiana 
upper curve EMAP=23.20·I-0.40 4<I<40 
lower curve EMAP=12.38·I-0.39 2.5<I<40 
 
78 
 
Table 3.5. EMAPD thresholds for the initiation of shallow landslides for the Borgo a Mozzano, Mutigliano and 
Vinchiana rain gauges. Equation: D, rainfall duration in hours; EMAP, cumulative event rainfall normalized by 
MAP. Range: range of validity for the threshold. 
Rain gauge Type Equation Range 
Borgo a Mozzano 
upper curve EMAP=5.04·D0.24 3<D<60 
lower curve EMAP=2.59·D0.31 2<D<90 
Mutigliano 
upper curve EMAP=5.64·D0.26 1.5<D<50 
lower curve EMAP=3.26·D0.27 1.5<D<90 
Vinchiana 
upper curve EMAP=4.57·D0.29 1<D<50 
lower curve EMAP=2.73·D0.31 1<D<80 
 
3.5 Effect of antecedent rainfall 
The antecedent rainfall plays an important role in the initiation of landslides (Wieczorek, 
1987), but its influence is difficult to quantify. It depends on several factors, including: local 
climatic conditions, slope angle, and heterogeneity of soils in terms of physical-mechanical 
properties and permeability (Aleotti, 2004). For example, coarse soils with large interparticle 
voids are very permeable. So, the antecedent rainfall is not generally a significant factor for 
triggering debris flows (Corominas and Moya, 1999). On the contrary, in low-permeability 
soils the antecedent rainfall can be important in reducing soil suction and increasing the pore-
water pressure (Aleotti, 2004; D’Amato Avanzi et al., 2004). 
Several rainfall variables take antecedent rainfall into consideration, for example the 
normalized critical rainfall (CMAP, Aleotti, 2004) or the daily rainfall (R, Dahal and Hasegawa, 
2008). For shallow landslide events, various authors analyse different time intervals to 
quantify the rainfall prior to a rainstorm: 3 days (Dahal and Hasegawa, 2008), 5 days 
(Wieczorek et al., 2000), 10 days (Crozier, 1999; Glade at al., 2000), 15 days (Aleotti, 2004), 
or 25 days (Terlien, 1998). In order to correlate the rainstorms triggering shallow landslides 
with antecedent rainfall in the study area, the cumulative rainfall at time intervals of 3, 7, 15, 
and 30 days was analysed and compared with the rainstorm features. 
The cumulative event rainfall E as well as the antecedent rainfall A(D) were normalized by 
MAP. The relationship between normalized rainfall event EMAP and normalized antecedent 
rainfall A(D)MAP (A(D)/MAP) of 3, 7, 15, and 30 days for the A, B and C events were plotted 
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together (Figs. 3.11, 3.12 and 3.13). For antecedent rainfall of 3 and 7 days the graphs show a 
pronounced discrimination between events that triggered shallow landslides (A and B events) 
and those that did not (C events). For 15 and 30 days discrimination is not so evident. In 
general, the EMAPA(D)MAP relationship suggests that the EMAP amount needed for triggering 
shallow landslides decreases with increasing A(D)MAP. 
 
 
 
 
Fig. 3.11. Relationship between normalized antecedent rainfall A(D)MAP and normalized event rainfall EMAP for
the Borgo a Mozzano rain gauge. The time intervals considered are of 3 (a), 7 (b), 15 (c) and 30 (d) days. 
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Fig. 3.12. Relationship between normalized antecedent rainfall A(D)MAP and normalized event rainfall EMAP for
the Mutigliano rain gauge. The time intervals considered are of 3 (a), 7 (b), 15 (c) and 30 (d) days. 
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3.6 Discussion 
3.6.1 Comparison of rainfall thresholds 
The rainfall ID thresholds obtained for the MSRV (Fig. 3.8; Table 3.2) can be compared 
with regional and local thresholds proposed for Italy (Figs. 3.15) and with the global 
thresholds (Fig. 3.16). 
Firstly, the thresholds were compared with those proposed by different authors for some 
areas of north-western Tuscany and Eastern Liguria (Figs. 3.14 and 3.15). The thresholds 
obtained in this work (1-6 in Fig. 3.15) fall in the range of rainfall intensity and duration 
Fig. 3.13. Relationship between normalized antecedent rainfall A(D)MAP and normalized event rainfall EMAP for
the Vinchiana rain gauge. The time intervals considered are of 3 (a), 7 (b), 15 (c) and 30 (d) days. 
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defined by other thresholds for surrounding areas (7-16 in Fig. 3.15). Furthermore, the slope 
of the threshold curves of the areas of north-western Tuscany (1-12) is similar (Fig. 3.15), 
probably because their climatic, geological, and geomorphologic features are similar. 
 
 
In general, as noted by Govi and Sorzana (1980) and for the Apuan Alps area by 
Giannecchini (2006), the critical rainfall amount needed to trigger shallow landslides rises 
with the mean annual precipitation (MAP). For example, the upper curves obtained for the 
Southern Apuan Alps (MAP = 1,870 mm) and for the Lower Garfagnana (MAP = 2,498 mm) 
are higher than those obtained in this research (Fig. 3.15). An exception is represented by the 
Carrara Marble Basin (Northern Apuan Alps), where shallow landslides and debris flows 
usually involve the quarry waste. It often shows low permeable or impermeable intervals and 
lies in valley bottoms and on steep slopes, where landslide susceptibility is higher. 
The thresholds obtained in this research were also compared with the ID thresholds 
proposed for different areas of Italy, including six regional and three local thresholds (Fig. 
3.15). A high position, namely a larger mean intensity is highlighted for the MSRV thresholds 
(1-6 in Fig. 3.15). It is an expected outcome of the climatic conditions of the MSRV, which is 
characterized by high MAP and high frequency of heavy rainfall. This confirms that each area 
Fig. 3.14. Area between Liguria and Tuscany where different authors have identified rainfall thresholds
(base map by Google Maps, 2010). 
83 
 
Fig. 3.15. Comparison between the ID thresholds obtained in this study with some local and regional thresholds.
The thresholds for the MSRV are coloured: dark blue, Borgo a Mozzano upper curve; blue, Borgo a Mozzano
lower curve; green, Mutigliano upper curve; light green, Mutigliano lower curve; red, Vinchiana upper curve;
orange, Vinchiana lower curve. Thresholds for MSRV (colour) and surrounding areas (black), local (gray) and
regional (gray dashed) thresholds; source: (1-6), this work; (7), Lower Garfagnana (Governi, 2005); (8-9),
Southern Apuan Alps (Giannecchini, 2006); (10-12), Carrara, Fossacava and Rifugio Belvedere (Carrara Marble
Basin, unpublished data); (13-14), Portovenere (Cinque Terre area, Giannecchini et al., 2010); (15-16), Levanto
(Cinque Terre area, Giannecchini et al., 2010); (17), Valtellina, Lombardy (Cancelli and Nova, 1985); (18),
Moscardo Torrent, NE Alps (Marchi et al., 2002); (19), Valzangona, Northern Apennines (Floris et al., 2004);
(20), Lombardy (Ceriani et al., 1994 in Bacchini and Zannoni, 2003); (21), Campania (Calcaterra et al., 2000);
(22), Piedmont (Aleotti, 2004); (23-25), Abruzzo (Brunetti et al., 2010). 
is in equilibrium with its ordinary climatic conditions, as noted by Govi at al. (1985) for the 
Piedmont Region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The thresholds were also compared with the national thresholds for Italy obtained by 
Brunetti et al. (2010) and some global ID thresholds for shallow landslide occurrence 
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proposed by several authors (Fig. 3.16), including Caine (1980), Innes (1983), Jibson (1989), 
Clarizia et al. (1996), Crosta and Frattini (2001), Cannon and Gartner (2005), and Guzzetti et 
al. (2008). The comparison shows that the ID thresholds obtained by this study are (1-6 in 
Fig. 3.16) higher than the global thresholds, for the reasons cited above. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Also the EMAPI thresholds obtained for the MSRV were compared with those proposed for 
some other areas of Italy (Fig. 3.17). The upper thresholds for the Borgo a Mozzano (1 in Fig. 
3.17), Mutigliano (3) and Vinchiana (5) rain gauges fall in the range of the normalized event 
rainfall EMAP for the Piedmont Region (9-10, Govi et al., 1985) and for the Southern Apuan 
Alps (7, Giannecchini, 2006). The lower thresholds for Borgo a Mozzano (2), Mutigliano (4) 
Fig. 3.16. Comparison between the ID thresholds obtained in this study with some global thresholds. The
thresholds for the MSRV are coloured: dark blue, Borgo a Mozzano upper curve; blue, Borgo a Mozzano lower
curve; green, Mutigliano upper curve; light green, Mutigliano lower curve; red, Vinchiana upper curve; orange,
Vinchiana lower curve. Global (black) and national (gray) thresholds compared with MSRV (colour) thresholds;
source: (1-6), this work; (26), Caine (1980); (27), Innes (1983); (28), Jibson (1989); (29), Clarinza et al. (1996);
(30), Crosta and Frattini (2001); (31), Cannon and Gartner (2005); (32-35), Guzzetti et al. (2008); (36-38),
National thresholds for Italy (Brunetti et al., 2010). 
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Fig. 3.17. Comparison between the EMAPI thresholds obtained in this research with the thresholds proposed for
other areas of Italy. 1) Borgo a Mozzano upper curve; 2) Borgo a Mozzano lower curve; 3) Mutigliano upper 
curve; 4) Mutigliano lower curve; 5) Vinchiana upper curve; 6) Vinchiana lower curve; 7) Southern Apuan Alps
upper curve (Giannecchini, 2006); 8) Southern Apuan Alps lower curve (Giannecchini, 2006); 9-11) Piedmont 
Region (Govi et al., 1985); 12) Cancia, Dolomites, North-Eastern Italy (Bacchini and Zannoni, 2003). 
and Vinchiana (6) are less conservative than the lower threshold (8) proposed by 
Giannecchini (2006) for the Southern Apuan Alps (Fig. 3.17). 
 
 
 
 
 
 
 
 
 
 
 
 
3.6.2 Threshold validation 
The data used in the elaboration include the whole 1935-2010 period. Therefore, in order 
to validate the ID thresholds obtained for the MSRV, the main recent rainfall events from 1 
January 2011 to 20 November 2011 were considered. In this period of 2011 shallow 
landslides did not occur in the study area. Therefore, C-type rainfall events were analysed. 
Figure 18 compares the rainfall ID thresholds of Borgo a Mozzano (Fig. 3.18a), Mutigliano 
(Fig. 3.18b) and Vinchiana (Fig. 3.18c) with the ID values of the main 2011 rainfall events. 
The main rainfall events recorded at Borgo a Mozzano in 2011 correctly fall below the 
lower threshold (Fig. 3.18a), whereas the 4 September 2011 event falls between the lower and 
the upper threshold curves (intermediate stability field) in the Mutigliano (Fig. 3.18b) and 
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Fig. 3.18. Comparison between the ID thresholds and the main rainfall events occurring during the January
1, 2011-November 20, 2011 period in the MSRV, for the Borgo a Mozzano (a), Mutigliano (b) and
Vinchiana (c) rain gauges. The lower (blue) and upper (red) threshold curves are recognizable. 
Vinchiana (Fig. 3.18c) graphs. Nevertheless, this event did not cause landslides in the study 
area, but damage to the road network, mainly caused by a lot of fallen trees. This highlights 
equilibrium limit conditions on slopes, which can be represented by uncertainty in the graphs. 
Therefore, the results of this validation seem encouraging, even if they are based on a small 
number of rainfall events. 
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3.6.3 Use of rainfall thresholds 
The thresholds obtained for the MSRV in this work can provide guidance for setting up 
warning systems and planning emergency actions in the event of heavy rainstorms. Decisions 
on warning and emergency response can be made on the basis of the comparison of the 
rainfall forecasts and real-time measurements with the threshold curves. Thus, the threshold 
curves can help in preparing hazard scenarios, provided that a reliable weather forecast is 
available. 
When the combination of duration and rainfall intensity exceeds the upper threshold curve, 
tens of shallow landslides can be anticipated (Fig. 3.8d). If the rainfall events fall between the 
upper and the lower thresholds (field of intermediate stability), a few shallow landslides are 
expected (Fig. 3.8d). On the basis of a reliable weather forecast, an appropriate scenario can 
be adopted and an emergency system activated. If a real-time rainfall monitoring system is 
available the rainfall evolution can be followed and analyzed step by step. 
The threshold curves obtained for the Borgo a Mozzano, Mutigliano and Vinchiana rain 
gauges are similar (Fig. 3.8d). Among them, the Vinchiana ones are more conservative. They 
could be used for testing early warning systems for the entire MSRV, considering its 
relatively small size and uniformity. 
 
3.7 Conclusion 
The intensity-duration (ID) approach allows us to obtain the rainfall threshold curves for 
shallow landslide initiation in the MSRV. 
The comparison with other ID thresholds for north-western Tuscany highlighted the high 
rainfall thresholds for triggering shallow landslides in the study area. This is linked to the high 
mean annual precipitation (MAP) and the high frequency of rainstorms hitting the study area, 
which induce a natural, dynamic equilibrium between climatic features and slopes. 
The analysis of the role of the antecedent rainfall in triggering shallow landslides shows 
that the antecedent period in which the cumulative rainfall should be considered ranges from 
3 to 7 days. 
Some misclassifications of the rainfall events are highlighted in the threshold plots, 
probably due to imprecise information about landslides and damage up until the 1980s. The 
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threshold validation was performed using rainfall events occurring in 2011, which did not 
induce shallow landslides and proved that the threshold curves function. 
The manual fitting used to construct the threshold curves led to cautionary results. 
However, mathematical and statistical approaches will be tested and compared with the 
present results in the next stages of this research. 
The threshold curves found by this work can be the basis to set up warning systems, and 
face hydrogeological emergencies and assess risk. This requires reliable weather forecast 
systems to be in operation. 
The evolution of this research is towards defining risk scenarios for different rainfall 
amounts, directly linked to the rainfall thresholds. This can be crucial for reliable planning of 
civil protection strategies. 
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